Characterization of starch debranching enzymes of maize endosperm by Rahman, Afroza
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1998
Characterization of starch debranching enzymes of
maize endosperm
Afroza Rahman
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Biochemistry Commons, Molecular Biology Commons, and the Plant Sciences
Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Rahman, Afroza, "Characterization of starch debranching enzymes of maize endosperm " (1998). Retrospective Theses and Dissertations.
12519.
https://lib.dr.iastate.edu/rtd/12519
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly to 
order. 
UMI 
A Bell & Howell Infoimation Company 
300 Noith Zeeb Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/521-0600 

NOTE TO USERS 
The original manuscript received by UMI contains pages with 
indistinct print. Pages were microfilmed as received. 
This reproduction is the best copy available 
UMI 

Characterization of starch debranching enzymes of maize endosperm 
by 
Afroza Rahman 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
Major: Genetics 
Major Professors: Alan M. Myers and Martha G. James 
Iowa State University 
Ames, Iowa 
1998 
DMI Nimber: 991163 5 
UMI Microform 9911635 
Copyright 1999, by UMI Company. Ail rights reserved. 
This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 
UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 
i i  
Graduate College 
Iowa State University 
This is to certify- that the Doctoral dissertation of 
Afroza Rahman 
has met the thesis requirements of Iowa State University 
Co-major Professor 
Co-major 
For the Major Program 
For the Graduate College 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
lU 
To my parents 
iv 
TABLE OF CONTENTS 
CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 1 
Starch Structure 1 
Starch Biosynthetic Pathway 4 
Sugary I Mutation 7 
Role of Debranching Enzymes in Starch Biosvuthesis 9 
Current Status of Research 11 
Dissertation Organization 14 
CHAPTER 2. CHARACTERIZATION OF SUl ISOAMYLASE, 
A DETERMINANT OF STORAGE STARCH 
STRUCTURE IN MAIZE 16  
Abstract 16 
Introduction 17 
Materials and Methods 20 
Results 27 
Discussion 43 
References 48 
CHAPTER 3. GENETIC AND BIOCHEMICAL 
CHARACTERIZATION OF ZPUl, 
A PULLULANASE-TYPE STARCH 
DEBRANCHING ENZYME FROM MAIZE 52 
Abstract 52 
Introduction 53 
Materials and Methods 55 
Results 63 
Discussion 87 
References 91 
V 
CHAPTER 4. PURIFICATION AND CHARACTERIZATION 
OF SUl ISOAMYLASE FROM MAIZE 
ENDOSPERM 95 
Abstract 95 
Introduction 96 
Materials and Methods 99 
Results 103 
Discussion 111 
References 113 
CHAPTER 5. SUMMARY AND CONCLUSIONS 116 
REFERENCES 119 
ACKNOWLEDGEMENT 125 
VI 
ABSTRACT 
The goal of this research is to understand the biochemical lesion of the sugary I (sul) 
mutation in maize. The sugary I gene in maize is a determinant of starch structure. 
Homozygous sul- mutant endosperms accumulate a highly-branched water-soluble 
polysaccharide, phytoglycogen. at the expense of amylopectin. the normal branched 
component of starch. These data suggest that both branched polysaccharides share a 
common biosynthetic pathway, and that SUl participates in the biosjTithesis of kernel starch. 
Specific antibodies were produced and used to demonstrate that SUI is a 79 kD protein that 
accumulates in endosperm during starch biosynthesis. Recombinant near full-length SU 1 
(designated SU 1 r) was expressed in E. coli and purified to apparent homogeneity. 
Determination of substrate specificity of SUl r enabled its classification as an isoamylase-
type debranching enzyme. Previous studies had shown, however, that sul mutant 
endosperms are deficient in a different type of debranching enzyme, a pullulanase (or R-
enzyme). Immunoblot analyses with anti-SUl and anti-pullulanase revealed that both 
proteins are reduced in sul mutant kernels. 
A maize pullulanase cDNA. Zpul. was cloned based on its homology with a rice 
pullulanase cDNA. The zpul gene was found as a single copy in maize genome which 
mapped to chromosome 2. Comparison of the protein, ZPUl and other debranching enzymes 
identified sequence blocks conserved in both pullulanases and isoamylases, as well as some 
class-specific sequence blocks. Zpul mRNA was abundant in endosperm throughout starch 
biosynthesis, but was not detected in leaf or root. Anti-ZPUl antiserum specifically 
recognized the -100 kD zPUl protein in endosperm extracts. Debranching enzyme activities 
of pullulanase and isoamylase types were each purified from extracts of developing maize 
kernels. The pullulanase activity was identified specifically as zPUl. and the isoamylase 
activity was identified as SUl. Both SUl and zPUl were greatly reduced in 5u/-mutant 
kernels, indicating that this is the affected pullulanase. Zpul transcripts were of equivalent 
size and abundance in nonmutant and -mutant kemels. indicating that coordinated 
regulation of these DBEs occur post-transcriptionally. 
SU1 was also purified to apparent homogeneity from maize endosperm. The mature 
N terminus was identified, demonstrating that the primary translation product contains a 49 
amino acid N terminal extension that is proteolytically cleaved to produce mature SU 1. The 
molecular weight of native SU 1 was shown to be greater than 670.000 Da. SU 1 was shown 
to bind to itself using the yeast two-hybrid system. Thus, native SU 1 is a homomultimeric 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
Starch, the reserv e carbohydrate of plants, is the primary source of dietary 
carbohydrates. It is also used extensively for various industrial purposes, ranging from 
formation of packaging materials to renewable energy source i.e.. production of ethanol. The 
biochemical mechanisms of starch biosynthesis are of interest not only for understanding 
fundamental aspects of plant physiology, but also for their potential utility in manipulating 
plant growth for practical benefit to society. 
Starch Structure 
Starch accumulates as dense water-insoluble granules within the chloroplast and 
amyloplast of plant cells. All starch granules contain polysaccharides, small amounts of 
protein and lipid, and some also contain significant amounts of covalently linked phosphate 
(Martin and Smith. 1995). The size and shape of the granules depend on the plant source, the 
organ, and the stage of development of the plant. Starch produced in the leaf cell chloroplast 
is known as transient starch. Transient starch is synthesized during active carbon dioxide 
fixation by photosynthesis during the day and degraded by respiration during darkness. On 
the other hand, storage starch accumulates in the amyloplast of the plant storage tissue cells 
during one phase of a plant's life-cycle and is utilized at another phase. 
Storage starch is a mixture of two glucose polymers, amylose and amylopectin. In 
these polymers, the a-D-glucose units are joined in "linear chains" by a-( 1^4) glucosidic 
bonds and the linear chains are linked to each other by a-( 1^6) glucosidic bonds, i.e.. 
"branch linkages". Amylose. which constitutes about 20 to 30 percent of storage starch 
depending on the source, is small (molecular weight of 10" to 10^) and relatively linear (less 
than I percent a-(I->6) branches). Its association with amylopectin inside the granule is not 
yet fully understood. In contrast, amylopectin. which usually constitutes between 70 and 80 
percent of the starch granule, is of very high molecular weight (10^ to 10^) and harbors 5 
percent of a-( 1—>6) branch linkages (Manners. 1989). Amylopectin is the primarv* 
determinant of the structure and physical properties of the starch granules. 
When observed by optical microscopy, by transmission electron microscopy after 
chemical treatment and staining, and by scanning electron microscopy after attack by a-
amylases. native starch granules show alternating semi-crystalline and amorphous concentric 
shells or layers known as growth rings. These growth rings represent periodic growth and 
daily fluctuations in carbohydrate available for starch deposition. Within the semi-crv stalline 
shells, the amylopectin molecules are arranged radially with respect to the hilum (center) of 
the granule (French. 1984). The linear glucan chains of amylopectin are organized into 
alternating crystalline and amorphous lamellae within these semi-crvstalline shells. 
The currently accepted "cluster" model proposes that the glucan chains of 
amylopectin are packed in clusters by an asymmetric distribution of a-( 1 -^6) branches 
within the molecule (Figure 1) (French. 1984: Manners. 1989: Jenkins et al.. 1993: Gallant et 
al. 1997). Each cluster is composed of an amorphous and a crystalline lamella. The 
branches are located in the amorphous lamellae. In the crystalline lamellae, the linear chains 
associate to form double helices that pack together in ordered arrays. The relative size of 
each lamella in the cluster is under genetic control. The cluster size (9 nm) is conserved 
l-'igure I. The clusler model orainylopeclin structure. Solid lines represent linear gluean chains, which are connected by 
branch linkages. A indicates the amorphous lamellae where the branches are located. C indicates the crystalline 
lamellae devoid of branch linkages. Within C the linear chains associate in double helices and are closely packcd. 
(Adapted from (Jallant et al., 1997). 
4 
throughout the plant kingdom (Jenkins et al.. 1993). which suggests that starch biosynthesis 
is a highly ordered and a well conserved process. 
Starch Biosynthetic Pathway 
The pathway of starch synthesis is complex and not completely understood (Smith et 
al.. 1997: Preiss and Sivak. 1996). It is generally thought that amylopectin is s\Tithesized 
through three sequential reactions catalyzed by the enzymes described below: 
1. .AiDP-glucose pvTophosphorylase (EC 2.7.7.27) (ADPGPP). which catalyzes the 
synthesis of the glucosyl donor ADP-glucose from glucose-1 phosphate and ATP. 
2. Starch synthase (EC 2.4.1.21) (SS). which transfers the glucosyl unit of ADP-glucose 
to the nonreducing end of an a-( 1 —>4) glucan primer. 
3. The branching enzyme (EC 2.4.1.18) (BE), which forms the a-( 1 —>6) branch linkages 
found in amylopectin. 
According to this hypothesis, the interaction between starch synthase and branching enzyme 
will be sufficient to produce the frequency and asymmetric distribution of the a-( 1—>6) 
branches leading to the ordered crystalline structure of amylopectin. However, how plant 
cells achieve this distribution still remains to be resolved (Smith et al.. 1997: Preiss and 
Sivak. 1996). The enzymes that have been described in the starch biosynthetic pathway are 
similar to those that are involved in bacterial glycogen synthesis. Despite intensive genetic, 
molecular biological, and enzymological studies of starch synthases and branching enzymes, 
all attempts at synthesizing amylopeciin's typical asymmetric pattern of branching in vitro or 
in vivo in £. coli have been unsuccessful (Nakamura. 1996: Guan et al.. 1995). One 
particularly significant observation made by Guan et al. (1995) is that both maize starch 
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branching enzymes. BEI and BEIIb. expressed alone or in combination in an E. coli strain 
lacking its own glycogen branching enzyme have generated glycogen-like products and not 
amyiopectin or granular starch. Moreover, when the purified maize branching enzymes were 
used to investigate their action in vitro on linear glucans. they were also able to generate a 
high degree of branching and produce an amorphous soluble polysaccharide (Takeda et al.. 
1993; Guan and Preiss. 1993). Nakamura (1996) also reported the in vitro production of 
glycogen-like polysaccharides with purified BE from rice endosperm. These observations 
suggest that amyiopectin synthesis may require an additional biochemical step distinct from 
elongation and branching. 
Analysis of the maize gene sugary I (sul) suggests that, in addition to starch synthase 
and branching enzyTne. a debranching enzvTne may be essential for the determination of 
amyiopectin fine structure (Pan and Nelson. 1984). A debranching enzvTne hydrolyzes a-
(1—>6) branch linkages of amyiopectin and other branched polysaccharides. This dissertation 
addresses the role of debranching enzymes in starch biosynthesis, so the characteristics of 
these enzymes will now be described. 
Debranching enzymes 
Two classes of starch debranching enz>Tnes. known as pullulanases and isoamylases. 
have been described in higher plants (Lee and Wheian, 1971). Both classes can directly 
hydrolyze the a-( I—>6) branch linkages of amyiopectin and other a-polyglucans. However, 
they differ significantly in their substrate specificities. Pullulanases, often referred to as R 
enzymes in higher plants, readily hydrolyze both pullulan . an a-( 1 -^6) linked maltotriose 
polymer produced by Pullularia pullulans, and amyiopectin. Pullulanases have little or no 
activity on glycogen. This type of DBE is also frequently described as limit dextrinase since 
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a- and P-limit dextrins are much better substrates than amylopectin for the enzyme. In 
contrast, isoamyiases hydrolyze amylopectin. glycogen, and a- and p-limit dextrins but do 
not have any activity toward pullulan. 
Both classes of debranching enzymes are present in starch-synthesizing organs of 
plants. Doehlert and Knutson (1991) isolated three debranching enzymes from developing 
maize kernels; one of these was identified as a pullulanase. the other two as isoamyiases. 
The two forms of isoamyiases. I and II. differed in relative molecular mass and elated 
separately on anion exchange chromatography. Isoamylase I was much less stable than 
isoamylase II. No further characterization of isoamylase I was performed. As summarized 
in Table 1 below, maize pullulanase and isoamylase II have different catalytic and physico-
chemical proterties. 
Table 1. Characteristics of maize debranching enzymes® 
Pullulanase Isoamylase II 
Substrate Specificity pullulan > P-limit de.xtrin > Amylopectin > p-limit dextrin > 
amylopectin > phytoglycogen phyioglycogen; pullulan = 0 
pH optimum 5.5 6.0-7.5 
Mr 68.000 ±4.000 141.000 ± 13,000 
Ability- to increase Yes Yes 
starch - N staining 
Requirement for 5 mM Yes Yes 
DTT/lOmM p-ME for 
activity 
^ From Doehlert and Knutson (1991) 
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Both types of debranching enzyme activities have also been identified in potato tubers 
(Drummond et ai.. 1970: Ishizaki et al.. 1978. 1983), developing rice endosperm (Yamada 
and Izawa. 1979; Toguri. 1991; Nakamura, 1996; Nakamura et al.. 1996a.b). developing and 
mature pea embryos (Zhu et al.. 1998) and mature sweet com kernels (Manners and Rowe. 
1967. 1969. Lee et al.. 1971). Pullulanase activity also occurs in leaves of several species 
(Ludwig et al.. 1984. Li et al.. 1992"). 
Sugary 1 Mutation 
Mutations that alter starch structure can provide clues to the molecular mechanisms 
involved in the biosynthesis of starch. Mutations of the maize gene sugary I (sul) is an 
example of such a mutation that significantly alters the storage carbohydrate composition in 
maize kernels (Correns. 1901; Vanderslice and Garwood. 1978). Mature, dried, mutant 
kernels homoz>'gous for sul-Ref(the reference allele) have a glassy translucent and 
somewhat shrunken appearance. Immature mutant kernels accumulate sucrose and other 
simple sugars as well as the water-soluble polysaccharide, phytoglycogen (Black et al.. 1966; 
Evensen and Boyer. 1986; Garwood and Creech. 1972). The glucose poljiner. 
phytoglycogen (Sumner and Somers. 1944). is highly branched (approximately 8 to 10% 
branch linkages) and lacks the packed crystalline helices of amylopectin (Gunja-Smith et al.. 
1970; Yun and Matheson. 1993; Alonso et al.. 1995). The total carbohydrate levels in 
nonmutant and suI-Ref mutant kernels are not significantly different. However, amylose 
concentration is apparently increased in sul-/?ey'mutant kernels (Ikawa et al.. 1981; Yeh et 
al.. 1981; Boyer and Liu. 1985; White. 1994). Concordantly, the amylopectin concentration 
is reduced in suI-Ref mutant starch relative to starch in nonmutant kernels (Wang et al.. 
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1993). Phytoglycogen. although undetectable in nonmutant kernels, constitutes up to 25 to 
35% of the dry weight of suI-Ref kernels (Creech. 1965; Black et al.. 1966; Shannon and 
Garwood. 1984). These observations suggest that phytoglycogen is produced in sul-Ref 
kernels at the expense of amylopectin and therefore, that the two polysaccharides may share 
a common biosynthetic pathway. 
Two hypotheses, one involving a starch branching enzyme and the other involving a 
starch debranching enzyme, have been put forward to explain the biochemical lesion of the 
mutation at the sugary I locus of maize. Three different labs (Lavintman. 1966; Maimers et 
al.. 1968; Hodges et al.. 1969) reported that sweet com extracts contained a unique branching 
enzyme, not found in nonmutant kernels, which is involved in the biosynthesis of 
phytoglycogen. Boyer and Preiss (I978a.b) also reported that sugary endosperms have a 
modified form of a particular starch-branching enzyme, capable of creating more highly 
branched polymers than are present in normal starch. However, this finding has not been 
subsequently confirmed, and the unique BE has not been isolated. 
The second hypothesis suggests that the effects of sul- mutations involves DBEs. 
Pan and Nelson (1984) reported a debranching enzyme deficiency in the sugary endosperms 
of maize, which contradicts the earlier findings. Molecular cloning of the maize gene sul 
and the Sul cDNA revealed that its polypeptide product. SUl. is similar in amino acid 
sequence to members of the a-amylase superfamily of starch hydrolytic enzymes (Jesperson 
et al.. 1993; James et al.. 1995; Beatty et al., 1997). This family includes enzymes like a-
amylase. cyclomaltodextrinase, branching enzymes, debranching enzymes etc. fi-om a variety 
of species (Svensson, 1988; MacGregor and Svensson. 1989). SUl has the characteristic 
(P/a)8 barrel structure and the conserved sequence blocks observed in a-amylase superfamily 
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enzymes. .Ajnong these enzvines. SUI is most closely related to the debranching enzyme 
subfamily, which strongly suggests that SU 1 codes for a debranching enzyme. 
SugaryAWx mutations have also been described in rice (Nakamura. 1996: Nakamura 
et al.. 1996a.b) and sorghum (Watson and Hirata. 1960; Karper and Quimby, 1967; Singh. 
1973; Boyer and Liu. 1983). .A. debranching enzyme activity is reported to be specifically 
reduced in the sugary endosperms of rice (Nakamura. 1996; Nakamura et al.. I996a,b). The 
biochemical lesion of the mutation in sorghum is not known but it is thought that st4 maize 
and SU sorghum are homologous mutants (Karper and Quimby, 1967; Boyer and Liu. 1983). 
Mutation in the STA 7 locus of Chlamydomonas reinhardtii leads to a complete loss of starch 
and its replacement by a small amount (5 %) of phytoglycogen (Mouille et al.. 1996a.b). The 
defect was correlated to the selective disappearance of a specific debranching enzv-me. No 
other enzyme activities appeared deficient in these strains. 
All the data mentioned above imply that debranching enzymes affect amylopectin 
fine structure. However, the role of these enzymes in starch biosynthesis is not clear. This 
dissertation investigates the nature and characteristics of these debranching enzymes for the 
purpose of a better understanding of the specific roles of these enzymes in starch 
biosynthesis. 
Role of Debranching Enzymes in Starch Biosynthesis 
Debranching enzymes are present in starch-synthesizing as well as starch-degrading 
organs, for example, in both developing and germinating cereal grains. These enzymes are 
involved in starch degradation in plants (Steup, 1988). However, their expression during the 
starch biosynthetic period imply that they may also have biosynthetic role. One explanation 
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is that only inactive forms of the debranching enzymes are present in starch-synthesizing 
organs. Another explanation is that these enzymes have a direct role in the starch 
biosynthetic process. To explain the role of the debranching enzv-mes in starch biosynthesis, 
several models have been proposed. All these models are based on the assumption that 
amylopectin is formed from preamylopectin. a highly-branched precursor molecule. 
In 1958. Erlander proposed that phytoglycogen is an intermediate in starch 
biosynthesis. In his proposal, amylopectin is produced by debranching phytoglycogen and 
the resulting linear chains form amylose. This model has been criticized as less plausible for 
the following reasons. First, there is no substantial evidence showing the occurrence of 
phytoglycogen in non-sugary sources. Second, the ratios of -chains / B-chains in 
amylopectin and phytoglycogen were shown to be 1.22 and 1.0 respectively by Bender et al. 
(1982) and 2.0 and 1.0 respectively by Boyer et al. (1982). These ratios are not compatible 
with Erlander's hv'pothesis. It is impossible for debranching enz>-mes to increase the 
proportion of .A-chains. Third, analyses of the waxy mutants of maize suggest that amylose 
is produced by a separate pathway (Nelson and Rines. 1962). 
The second model was proposed by Pan and Nelson (1984). .According to this model, 
amylopectin synthesis results from an equilibrium between branching enzyme and 
debranching enzyme activities. Thus, a deficiency in debranching enzyme activity- in sul 
mutants would result in accumulation of phytoglycogen by shifting the equilibrium. 
Ball et al. (1996) have proposed a model for the formation and organization of 
amylopectin clusters at the periphery of the growing starch granule in which debranching 
enzyme is an essential component. According to this model, amylopectin synthesis proceeds 
in a discontinuous maimer. First, soluble starch synthase elongates very short chains at the 
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periphery of the granule. When these chains reach the critical minimal size (between DP 14 
to 25) to accommodate the catalytic site of the branching enz\Tnes. a branched intermediate, 
preamylopectin is produced through the action of branching enzymes. Debranching activities 
simultaneously trim the loosely branched glucans to produce and leave out the tightly spaced 
branches that generates the next amorphous lamella. .A. further round of elongation by starch 
synthase is then initiated from the debranched oligosaccharides. 
Current Status of Research 
Much is known about the starch biosvTithetic pathway. The reactions catalyzed by 
each of the enzvTnes in the pathway are well understood. .Most of the enzymes have been 
purified from different plant sources and characterized. .Many of the genes that code for 
these enzvTnes have also been cloned. However, it is not clear how the concerted action of 
these biosvTithetic enzymes leads to the final crystalline structure of amylopectin. .Vlany 
isoforms exist for each type of enzyme in the pathway. The role of different isoforms is not 
clear. The situation is further confounded by the pleiotropic effect of mutation where a 
mutation in the structural gene of an enzyme can affect more than one enzyme in the pathway 
(GiroiLX et al.. 1994; Boyer and Preiss. 1981). 
The evidence for the involvement of the debranching enzyme(s) in starch 
biosynthesis is compelling. However, the class of debranching enzyme involved is not clear. 
.\n R enzyme deficiency was reported by Pan and Nelson (1984) in the sugary endosperms 
of maize. This enzyme activity could be resolved into three forms by hydroxylapatite 
chromatography. One of these was missing and the other two severely reduced in activity in 
sugary endosperms. In addition, the Km values for phytoglycogen for the latter two forms 
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were three-fold higher in the mutant than those in the nonmutant. Thus, the sugary 
phenotvpe in maize results from reduced and altered (poor affinity for phvtogiycogen) R 
enzyme activity-. It is not clear, however, whether the effects are specific to R enzyme 
activities or not. because Pan and Nelson (1984) did not assay the other enzv-mes involved in 
starch metabolism. 
Cloning of the sugary I gene and the deduced amino acid sequence of SUl confirms 
that Su in maize codes for a debranching enzvine (James et al., 1995). However, within the 
debranching enzyme subfamily. SUl is more similar to a bacterial isoamylase than to a 
bacterial pullulanase. Of the 695 aligned residues. 32 percent are identical between SUl and 
Pseudomonas isoamylase. Localized regions show an even higher degree of amino acid 
sequence identity. From these observations the sugary I gene in maize is expected to code 
for an isoamylase type rather than a pullulanase-type debranching enzyme. 
The activity of an R enzyme is also specifically reduced in developing endosperm of 
sugary mutants of rice (Nakamura et al.. 1996b). This obser\ ation is similar to that made by 
Pan and Nelson (1984) for sugary 1 mutants of maize with the following exceptions: 
1. Only a single peak of R enzyme activity was detected in each column tested, 
suggesting that R enzyme is present as a single form in developing rice 
endosperm (Nakamura et al.. 1996a). 
2. In rice, the mutant phenotype correlates with a decrease in the amount of R 
enzyme, but not an alteration of R enzyme properties. 
By immunoscreening a rice endosperm cDNA library with rabbit polyclonal 
antibodies raised against the purified R enzyme, a fiiil length cDNA clone for the enzyme 
was isolated. The deduced amino acid sequence of the rice debranching enzyme is 
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substantially similar to that of bacterial pullulanases and spinach leaf R enzyme, while it 
bears little similarity to that of bacterial isoamylases and maize SU1. Microsequencing of 
the N-terminus and the peptides derived from the enzyme confirms that the purified 
pullulanase is the product of the R enzyme gene. This result is in sharp contrast to that 
obtained by James et al. (1995). .A, clue for this discrepancy came from map location of the 
rice RE gene, which was shown to be on chromosome 4 (Nakamura et al.. 1996a). Since the 
SU locus is located on chromosome 8 in rice (Yano et al.. 1984). the su-I allele cannot be the 
structural gene for the R enzyme. TTius. Nakamura et al. (1996a) proposed that the sugary 
mutation is not induced by a lesion at the Re locus on chromosome 4. but by a lesion at the 
other gene on chromosome 8. the product of which regulates the expression of the Re gene. 
The identity of the sugary gene product in rice is not knowTi. It remains to be seen whether it 
codes for apparent isoamylase-tv'pe debranching enzyme as in the case of maize. 
It is evident from the above discussion that primar\' mutation in the sugary J gene 
affects expression of an R enzyme in maize and rice, but most likely does not code for this 
enzyme. This type of pleiotropic regulation has also been described for the dulll mutation in 
maize in which a single mutation reduces expression of two starch biosynthetic enzvines. 
SSII and BEIIa (Boyer and Preiss. 1981). The mechanism for this pleiotropic effect is not 
clear. 
Two different classes of debranching enzymes, isoamylases and pullulanases. have 
been described in developing maize endosperms (Doehlert and Knutson, 1991). However, a 
comparative study of isoamylase activities in both nonmutant and sugary endosperm has not 
been performed in maize and rice (Pan and Nelson, 1984; Nakamura et ai., 1996a,b). So, the 
expression level of the isoamylase in sugary endosperm is not known. Sul transcripts of 
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equal size and abundance were observed in both nonmutant and sul-Ref kernels (James et at.. 
1995). Thus, it is likely that the mutation affects expression of SUl post-transcriptionaily. 
The coordinate regulation of the isoamylase and pullulanase may be either at the 
transcriptional or post- transcriptional level. Answers to these questions should provide 
insight into the identity- and role of the sugary 1 gene product in the final structure 
determination of amylopectin. 
Dissertation Oi^anization 
This dissertation includes three papers of which 1 am the primary author. In Chapter 
1. the introduction section includes a review of the literature. Chapter 2 is a paper that was 
published in the journal Plant Physiology. Chapter 3 contains a paper that has been 
submitted for publication to Plant Physiology. Chapter 4 is a paper that will be submitted to 
Plant Physiology. References cited within a paper are listed within that chapter. A general 
concluding chapter, entitled Summary and Conclusion, is presented after the third paper 
where the finding of the three papers are put together in broader context. References cited 
within the Introduction and Conclusions chapters are present at the end of the final chapter. 
Ail these papers were written by me with guidance and assistance from my co-major 
professors. Professor Alan M. Myers and Dr. Martha G. James. The first two papers are 
multi-author papers. For the first paper. 1 did all the experiments except that Dr. Kit-sum 
Wong in the laboratory of Dr. Jay-lin Jane provided technical assistance with HPAEC-PAD 
(Dionex) analysis.  For the second paper.  I  identified the first  positive clone of Zpul.  
Subsequent rounds of library screening and RN A gel blot analysis were done by Mary 
Beatty. Heping Cao performed the computational comparison of DBEs, and Wendy 
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Woodman in the laboratory of Dr. M. Lee performed the RFLP mapping analysis. I 
conducted all the biochemical and immunological analysis of the DBEs reported in this 
paper. All the experiments reported in the third paper (Chapter 4) were done by me. 
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CHAPTER 2. CHARACTERIZATION OF SUl ISOAMYLASE, A 
DETERMINANT OF STORAGE STARCH STRUCTURE IN MAIZE 
A paper published in Plant Physiology 
Afroza Rahman, Kit-sum Wong, Jay-lin Jane, Alan M. Myers, and Martha G. James 
Abstract 
Function of the maize (Zea mays) gene sugary 1 (sul) is required for normal starch 
biosynthesis in endosperm. Homozygous sul- mutant endosperms accumulate a highly 
branched polysaccharide, phytoglycogen. at the expense of the normal branched component 
of starch, amylopectin. These data suggest that both branched polysaccharides share a 
common precursor, and that the product of the sul gene, designated SUl. participates in 
kernel starch biosynthesis. SUl is similar in sequence to a-(l—>•6) glucan hydrolases (starch-
debranching enzymes [DBEs]). Specific antibodies were produced and used to demonstrate 
that SUl is a 79-kD protein that accumulates in endosperm coincident with the time of starch 
biosynthesis. Nearly full-length SUl was expressed in Escherichia coli and purified to 
apparent homogeneity. Two biochemical assays confirmed that SUl hydrolyzes 
a-(l->6) linkages in branched polysaccharides. Determination of the specific activity of 
SUl toward various substrates enabled its classification as an isoamylase. Previous studies 
had shown, however, that sul- mutant endosperms are deficient in a different type of DBE, a 
pullulanase (or R enzyme). Immunoblot analyses revealed that both SU 1 and a protein 
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detected by antibodies specific for the rice {Oryza sativa) R en2yme are missing from sul-
mutant kernels. These data support the hypothesis that DBEs are directly involved in starch 
biosynthesis. 
Introduction 
Starch is a reserve carbohydrate that accumulates in the storage organs of many higher 
plants. This storage compound consists of a mixture of two Glc homopolymers. amylopectin 
and amylose. in which linear chains are formed via a-(l—>4) glucosyl linkages and branches 
are introduced by a-(l-^6) glucosyl linkages. Starch synthesis in maize (Zea mays) occurs 
within the amyloplasts of endosperm cells during kernel development via the concerted 
actions of ADP-Glc pyrophosphorv'lase. starch synthases, and starch-branching enzymes (for 
reviews, see Preiss. 1991; Hannah et al.. 1993; Martin and Smith. 1995; Nelson and Pan. 
1995; Preiss and Sivak. 1996; Smith et al.. 1996). In addition, selective removal of branch 
linkages by DBEs is proposed to play an essential role in the final determination of 
amylopectin structure (Ball et al.. 1996). 
Physical and chemical analyses of granular starch have led to a widely accepted 
model for amylopectin structure called the "cluster model." in which amorphous and 
crystalline regions alternate with a defined periodicity (for reviews, see French. 1984; 
Manners. 1989; Jenkins et al.. 1993). Within amylopectin the crystalline component is 
composed of parallel arrays of linear chains, packed tightly in double helices. Branch 
linkages, which account for approximately 5% of the glucosyl linkages in amylopectin. are 
located at the root of each cluster in the amorphous region. This periodic clustering of 
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branches allows for the alignment of the intervening linear chains and their dense packing 
into crv'stalline regions, thus providing an efficient mechanism for nutrient storage. 
Undoubtedly, the enzymatic processes required to achieve this ordered spatial positioning of 
branch linkages and extension of linear glucans must be highly regulated and coordinated. 
Mutations that alter or eliminate the cluster organization within amylopectin can 
provide clues to the molecular mechanisms that give rise to its structure. Such is the case 
with mutations of the maize sul gene. Phytogiycogen. which accumulates in sul- mutant 
kernels, has twice the frequency of branch linkages as amylopectin. a shorter average chain 
length (average degree of polymerization is approximately 10 versus and average of 20-25 for 
amylopectin). and a significantly different chain-length distribution (Yun and Matheson. 
1993). Thus, phytogiycogen is multiply branched and lacks the packed crystalline helices of 
amylopectin { Gunja-Smith et al.. 1970; Alonso et al.. 1995). These structural alterations 
cause the molecule to be water-soluble, whereas amylopectin in endosperm cells is insoluble. 
Biochemical analysis has revealed that sul- mutants are deficient in the activitv" of a specific 
DBE (Pan and Nelson. 1984). This fact, correlated with the accumulation of phytogiycogen 
in sul- mutant kernels, suggests that the DBE participates in the organization of regularly 
spaced clusters within amylopectin. Similar evidence is available from sugary mutants of 
rice {Oryza saliva) and the STA-^ and STA-8 mutants of Chlamydomonas reinhardtii, all of 
which accumulate phytogiycogen and also are deficient in the activity of a DBE (Mouille et 
al.. 1996a, 1996b; Nakamura et al.. 1996a. 1996b). 
The two types of DBEs that have been identified in plants are classified as 
pullulanases (also referred to as R enzymes or limit dextrinases) and isoamylases ( Lee and 
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Whelan. 1971; Manners. 1971; Doehlert and Knutson. 1991). Both types of enzyme directly 
hydrolyze a-(l ->6) branch linkages, but differ in their activities toward specific 
polysaccharides. Plant pullulanases hydrolyze both pullulan. a polymer of a-( I ->6)-[inked 
maltotriosyl units, and a-limit dextrins at much higher rates than amylopectin. but they have 
little or no hydrolytic activity toward glycogen. In contrast, isoamylases readily hydrolyze the 
a-(1^6) branch linkages of amylopectin and glycogen, but do not act on pullulan. The DBE 
shown to be missing in sul- mutants of maize and rice is of the pullulanase class (Nakamura 
et al.. 1996b; Pan and Nelson. 1984). 
Both isoamylases and pullulanases are present in developing maize endosperm during 
the time of starch biosv-nthesis (Doehlert and Knutson. 1991). consistent with the genetic 
evidence indicating DBE involvement in the determination of amylopectin structure. The 
participation of a specific pullulanase or isoamylase in the biogenesis of kernel starch, 
however, has yet to be demonstrated directly. In addition to having potential bios>*nthetic 
fimctions. both types of DBE are believed to be involved in the degradation of endosperm 
starch after seed germination (Manners and Rowe. 1969; Toguri. 1991). 
Molecular cloning of the maize gene sul and the Sul cDNA revealed that its 
polypeptide product. SU1. is similar in amino acid sequence to members of the a-amylase 
family of starch hydrolytic enzymes ( Jesperson et al.. 1993; James et al.. 1995; Beatt\- et al.. 
1997). SUl is significantly similar to Ps. Isoamylase, with 32% identical residues among 
695 aligned amino acids, although its relation to known plant or bacterial pullulanases is 
significantly less (James et al.. 1995). This result an in apparent discrepancy with the finding 
20 
that the particular DBE deticient in sul- mutant endosperm is of the pullulanase type (Pan 
and Nelson. 1984). 
To resolve this discrepancy and gain a better understanding of the role Sul plays in 
starch biogenesis, this study made use of two recombinant forms of the SU1 protein. 
Antibodies specific for SU 1 were produced and used to characterize its native size, aspects of 
its subcellular location, and its expression pattern in developing endosperm. In addition, a 
nearly native-size recombinant form of SUl was expressed in Escherichia coli. purified, and 
characterized in terms of its enzymatic properties. The results clearly demonstrate that SU 1 
is an enzyme of the isoamylase class and indicate that at least two distinct DBEs are deficient 
in sul- mutants as the result of a primary deficiency of SUl isoamylase. Furthermore. SUl is 
expressed in maize kernels during the period of starch production, consistent with the 
proposed biosynthetic role for this DBE. 
.Materials and Methods 
Vector Construction 
Plasmid pAR2 was constructed to express a portion of SU 1 in Escherichia coli for the 
purpose of generating a polyclonal antibody. pAR2 contains a 577-bp region of the Sul 
cDNA comprising nucleotides 202 to 778 (the A of the first .A.TG codon in the Sul cDNA is 
designated as nucleotide 1) joined as an in-frame fusion with the 3' end of the GST gene firom 
Schistosoma japonicum in the expression vector pGEX-4T-3 (Pharmacia) (Fig. IB). pAR2 
was constructed by subcloning the 1.8-kb EcoRI fir^ment of the Sul cDNA firom pMJ67 
(James et al.. 1995) in pGEX-4T-3 to create pARl, followed by removal of the 3' end of the 
Sul coding region 
ATG N-terminal extension 
Figure 1. Sul cDNA expression constructs. A. Restriction map of the coding region of the 
Sul cDNA. The region denoted "N-terminal extension" indicates the first 67 
amino acids of the poi>'peptide. which is not represented in Ps. isoamylase in its 
alignment with SUl. B. Plasmid pAR2. comprising the 580-bp EcoK[-Hind[\\ 
fragment of the Sul cDNA cloned downstream of the GST coding sequence. The 
fusion gene is under the direction of the tac promoter. C. Plasmid pAR4. 
comprising the 2327-bp Eco^-Xhol fragment of the Sul cDNA fused to the S-tag 
sequence in pET-29(b)+. The fiision gene is under the direction of the T7 
promoter. Restriction sites are indicated as follows: N, Ncol; H. HindlVL: X. Xhol: 
E. native £coRJ; E*. £coRI introduced during cDNA construction. 
cDNA by digestion witli Hindlll and SaR. subsequent repair of the 5' overhangs with a DNA 
polymerase I Klenow fragment, and blunt-end ligation to recircularize. Plasmid pAR4 was 
constructed to express biochemically active SUl in E. coli. pAR4 contains the near full-
length Sul cDNA (nucleotides 202 - 2529) as an in-frame fusion with the 3' end of the S-tag 
sequence (a 15 amino acid peptide derived from RNaseA) in the expression vector pET-
29b(-i-) (Novagen. Madison. WI) (Fig. IC). pAR4 was constructed by first replacing the 1.3-
kb Kpnl-Xhol fragment of the Sul cDNA in pARI with the longer 1.8-kb Kpnl-Xhol cDNA 
fragment from pMJ99 (James et al.. 1995). 
The resultant plasmid was linearized with Xho\ and partially digested with £coRI to 
excise a 2327-bp fragment comprising the near full-length Sul cDNA. This fragment was 
cloned into pET-29b(-r) to create pAR4. 
Protein Expression and Purification 
GST-SUl expression from pAR2 was induced in E. coli strain TG-1 by the addition 
of 10 mM isopropylthio-(3-galactoside and incubation for 2 h at 30°C. Cells were lysed and 
separated into soluble and insoluble fractions, as described previously (Koemer et al.. 1990). 
Soluble GST-SUl fusion protein was purified using glutathione-agarose beads (Sigma) and 
eluted with 10 mM glutathione according to the manufacturer's protocol (Pharmacia). 
The recombinant protein SUlr (for SUl recombinant protein) was expressed from 
pAR4 in E. coli strain BL21(DE3)pLysS (Novagen) and purified as follows. A pure clone 
was grown overnight at 30°C in Luria-Bertani medium containing 30 i^g/mL kanamycin and 
34 M-g/mL chloramphenicol, diluted 1:20 with fresh medium, and grown at 30°C until the ^6oo 
reached 0.8 to 1.2. Cultures were cooled to room temperature, and expression was induced 
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by the addition of 1 mM isopropylthio-p-gaiactoside and growth at room temperature for 16 
to 20 h. Cells from 100 mL of induced culture were harvested by centrifligation. suspended 
in 10 mL of 20 mM Tris-hydrochloride. pH 7.5. 150 mM sodium chloride. 5 mM DTT. 0.1% 
Triton X-100. I mM PMSF (GIBCO-BRL). and 0.01 mM E64 (Sigma), and lysed by 
treatment with lysozyme (100 jag/mL) and sonication. Lysates were centrifliged at 39.000g 
for 20 min. SUlr was affinity purified according to the manufacturer's protocol (Novagen) by 
incubating the total soluble extracts with S-protein agarose beads, followed by cleavage 
between the S-tag sequence and SU1 r with biotinylated thrombin. Residual biotinylated 
thrombin was removed from the purified protein by treatment with streptavidin-agarose. 
Preparation of Polyclonal Antibodies 
Antibodies reactive with SU 1 were produced in a New Zealand White rabbit using 
protocol approved by the Laboratory' Animal Resource Facility of Iowa State University'. 
Purified GST-SUl fusion protein (300 |j,g in 1 mL of PBS) was emulsified in an equal 
volume of Freund's complete adjuvant (GIBCO-BRL) and administered by injection. 
Subsequent 200-fig booster inoculations of GST-SUl emulsified in Freund's incomplete 
adjuvant were administered three times at 3-week intervals, and serum was harvested 3 
weeks after the final injection. Preimmune serum was collected before the initial injection to 
serve as a negative control. Anti-SU 1 antibody was purified from the crude antiserum by 
means of its affinity' to SUlr immobilized on nitrocellulose filters (Harlow and Lane, 1988). 
Nomenclature and Maize Stocks 
Standard genetic nomenclature for maize (Zea mays) is used as described by Beavis et 
al (1995). Alleles beginning with an uppercase letter indicate a functional, nonmutant form 
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of the gene (e.g. Sul). Unspecified mutant alleles are indicated by dashes with no following 
designation (e.g. sul-). Gene products are indicated by nonitalicized uppercase letters (e.g. 
SUl) .  Transcripts  and cDNAs are indicated by the nonital icized gene symbol (e.g.  Sul) .  
Wild-type plants were in the W64A or Oh43 genetic background, as were plants 
homozygous for the reference mutation of the sul locus 5w/-/?e/(Correns. 1901). Plants 
homozygous for sul R4582::MuI were of a mixed genetic background (James et al.. 1995). 
Isolation of Proteins From Maize Kernels 
Ears were harvested 18 to 22 DAP. Kernels stripped from the cob were quick frozen 
in liquid nitrogen and stored at -80°C. Total protein was extracted from frozen kernels 
according to the method of Ou-Lee and Setter (1985). with the following modifications: 10 g 
of maize kernels was homogenized in liquid nitrogen, stirred in e.xtraction buffer (50 mM 
Hepes-sodium hydroxide. pH 7.5. 5 mM magnesium chloride. 5 mM DTT. 1 mM PMSF. 
0.01 mM E64) at 4°C for 3 to 4 h. then filtered through four layers of cheesecloth. Soluble 
extracts were separated from insoluble material in the filtrate by centrifugation at 39.000g for 
20 min at 4°C. Granule-associated proteins and postgranule soluble extracts were isolated 
from frozen kemels as described by Mu-Forster et al. (1996). 
SDS-PAGE and Immunoblot Analysis 
SDS-PAGE in 10% polyacrylamide gels, silver-staining, and blotting to nitrocellulose 
membranes were performed according to standard procedures (Sambrook et al.. 1989). 
Immunodetection was modified from the enhanced chemiiuminescence western blotting 
system (Amersham) modified as follows: blots were blocked in 3% BSA (fraction V. Sigma). 
0.02% sodium azide in IX PBS for I h, then incubated overnight at room temperature with 
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affinit\'-purified anti-SU I diluted 1:200 in blocking solution, or with a 1:10.000 dilution of 
the rice {Oryza sativa) anti-R-enzyme antibody (Nakamura et al.. 1996a). Secondary 
antibody was goat anti-rabbit IgG conjugated with horseradish peroxidase (Santa Cruz 
Biotechnology'. Seinta Cruz. CA). For immunoblot analysis of soluble protein extracts, 
approximately 30 fig of protein was loaded into each lane. Granule-associated proteins 
extracted from 5 mg of purified starch granules were loaded in each lane for immunoblot 
analysis. 
Enzyme Assays 
DBE activity' was measured by the increased blue value of glucan-iodine complexes 
according to the method of Doehlert and Kjiutson (1991). modified as follows. Reactions 
incubated at 30°C included 1 |ig of purified SUlr and 1 mg of polysaccharide substrate in 
50 mM citrate. 100 mM sodium phosphate. pH 6.0 and 0.02% sodium azide. in a total 
volume of 1 mL. Immediately after the addition of SUlr and after 1 h incubation. 100-fjL 
aliquots were combined with 900 of iodine/potassium iodide stain. Substrates tested 
were: maize amylopectin (Sigma) p-limit dextrin of maize amylopectin prepared according to 
the method of Doehlert and Knutson (1991). oyster glycogen (Sigma), and phytoglycogen 
prepared according to the method of Sumner and Somers (1944). 
Quantitative determination of reducing end formation was performed according to the 
method of Fox and Robyt (1991). Assay conditions were the same as for blue value assays, 
except that all substrate concentrations were increased to 5 mg/mL. Pullulan (Sigma) was 
included as an additional potential substrate. SUlr was present at 0.5 ng/mL for assays of its 
activity toward amylopectin and p-limit dextrin, and at 1 ng/mL for other substrates. 
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Products were assayed over a time course of 1 to 6 h; aliquots of 100 pL were removed after 
each hour, followed by inactivation of the enzyme with 50 jxL 1M sodium carbonate. A 
baseline reducing value obtained for each substrate before the addition of the enzyme was 
subtracted from the reducing value measured at each time point. Maltose was used as the 
standard for reducing value. In preliminary experiments the rate of product formation 
obtained under these reaction conditions was in all instances shown to be approximately 
linearly proportional to the enzyme concentration (data not shown). Thus, the reactions were 
performed under conditions in which the enzyme was saturated with substrate. 
Enzyme activity as a function of pH was determined from the reducing activitv" 
measured after incubating 5 mg of amylopectin with 0.5 (ig of SUlr in 50 mM sodium citrate. 
100 mM sodium phosphate buffers varving from pH 3.0 to 7.0; in 100 mM sodium 
phosphate. pH 8.0: or in 50 mM Gly-sodium hydroxide buffers at pH 9.0 or pH 10.0. 
Formation of reducing ends was assessed hourly during a 6 h time course, and specific 
activities were calculated. In a similar time course, the thermal optimum for SU1 r activitv' 
towards amylopectin was measured at reaction temperatures varying from 15°C to 60°C at 
pH 6. Thermal stability- of SU 1 r was determined by preincubating the enzyme at 
temperatures from 30°C to 60°C for 10 min. then assessing enzymatic activity at pH 6 at 
30°C. Effect of divalent cations on SU 1 r activity towards amylopectin was determined by 
adding 10 mM CaCli or 10 mM MgCh or 10 mM EDTA to the pH 6 reaction buffer, then 
measuring activity according to the reducing sugar assay. 
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Analysis of SU1 r Reaction Products 
The chain lengths of the products formed after incubation of waxy maize amylopectin 
(Cerestar. Hammond. IN) with SUIr were analv'zed by HPAEC-PAD (Dionex. Sunny-vale. 
CA) according to the quantitative methods of Wong and Jane (1995. 1997). with 
modification of the separation gradient. Eluent A was 100 mM sodium hydroxide and eluent 
B was 100 mM sodium hydroxide . 300 mM sodium nitrate for the following gradient; 0 to 5 
min. 99% A. 1% B; 5 to 10 min. linear gradient to 5% B; 10 to 30 min. linear gradient to 8% 
B; 30 to 150 min. linear gradient to 30% B; 150 to 200 min. linear gradient to 45% B. 
Debranching reactions included 20 jig of SUlr and 5 mg of waxy amylopectin in 50 mM 
Mes. pH 6.0. in a total volume of 1 mL. After incubation at 30°C for 1 h an aliquot of 25 |jL 
was removed for HPAEC-ENZ-PAD analysis. A similar analysis of waxy maize amylopectin 
debranched by Ps. isoamylase (300 units) (Hayashibara Biochemical Laboratories. Okayama. 
Japan) was carried out for comparison with SUlr. except that the reaction buffer was 50 mM 
sodium acetate. pH 3.5. and incubation was for 24 h. 
Results 
Immunological Identification of Native SUl 
Polyclonal antibodies were raised against a fusion protein containing GST at its N 
terminus and SUl residues 69 to 262 at its C terminus (Fig. 1) (residue I is defined by the 
first ATG codon in the Sul cDNA). The presence of high-titer antibodies in the crude 
antiserum that specifically recognized SU 1 was demonstrated by inmiunoblot analysis of 
soluble extracts from E. coli cells expressing the GST-SUl ftision protein (Fig. 2A). 
28 
Figure 2. Immunoblot analyses with anti-SUI. A. E. coli extracts. Anti-SUl detects GST-
SUl in soluble extracts of £. coli cells bearing pAR2 only when GST-SUl 
expression is induced from the tac promoter. B. Total kernel extracts. .Anti-SUl 
identified a polypeptide of approximately 79 kD in wild-type kernels of inbred 
W64A collected 20 DAP. This polypeptide was not detected in the indicated 
homozygous sul- mutant kernels. C. Soluble and granule-associated proteins. 
Anti-SUl detected the 79-kD polypeptide in the soluble fraction of proteins from 
wild-type maize kernels, but not in the fraction containing granule-associated 
proteins (pellet). 
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Antibodies specific for SUl were purified from the crude serum by means of their affinity for 
nearly full-length recombinant SUl immobilized on nitrocellulose filters. The resultant 
antibody fraction is called anti-SUl. 
Anti-SUl identified a protein of approximately 79 kD in immunoblot analysis of total 
soluble extracts from maize kernels collected 20 DAP (Fig. 2B). This protein was not 
detected in extracts of kernels homozygous for either of two independent sul- mutations, the 
reference allele sul-RefiCorctns, 1901) or the transposon insertion allele sul-R4582::Mul 
(James et al.. 1995). These data, together with previous characterizations of the cloned sul 
gene (James et al.. 1995). indicate that the 79-kD protein is native SUl. The 79-kD size of 
the protein is  approximately that  predicted for  nat ive SUl based on the length of  the Sul  
cDNA. considering the likely removal of an amyloplast-targeting peptide. 
Investigation of the physical association of SUl with starch granules revealed that it is 
exclusively a soluble endosperm protein. Proteins from maize endosperm cells collected 20 
DAP were separated into those bound to starch granules and those in the postgranule fraction. 
Immunoblot analysis indicated that SUl is present solely in the postgranule fraction 
(Fig. 2C). These results suggest that SUl acts at the surface of the granule or within the 
amyioplasi stroma, rather than within the granule interior or tighth' bound to a substrate that 
is integral to the granule. 
The expression pattern of Sul during the course of endosperm development was 
determined by immunoblot analysis using anti-SUl and also by RNA gel-blot analysis 
(Fig. 3). Anti-SUl detected the 79-kD protein in extracts firom kernels harvested 10 to 30 
DAP; this protein was present in nearly constant abundance throughout this time period 
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Figure 3. Temporal expression of Sul mRNA and SUl protein. Top. RNA gel-blot analysis 
using a Sul cDNA probe. Sul mRNA was detected in total RNA isolated from 
wild-type kernels of maize inbred W64A harvested 8. 10. 12, and 14 DAP. RNA 
loading was standardized based on ethidium-bromide staining of rRNAs. Bottom. 
Immunoblot analysis with anti-SU 1. SU1 was detected in wild-type kernels of 
inbred Oh43 harvested 10 DAP and later. 
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(Fig. 3. bottom). However, the 79-kD protein was not detected in extracts from 6-DAP 
kernels. TTiese results were supported by an analysis of Sul transcript accumulation in 
kernels harvested at various times after pollination. Gel blots of RN.A.S isolated from kernels 
8 to 20 DAP showed that the Sul transcript was present at a relatively constant level during 
this period (Fig. 3. top. and data not shown). Thus. SUl is present in the endosperm 
coincident with the initiation of starch biosvuthesis. and persists at a high level throughout 
the time period of starch accumulation. 
Expression of Recombinant SUl and Purification to Apparent Homogeneity 
A nearly full-length version of SU1. SU1 r. was produced in E. coli for the purpose of 
analyzing the enzymatic properties of this protein. SUIr was produced initially as a tusion 
protein consisting of SUl residues 68 through the C terminus, plus a 33-residue N-terminal 
sequence that included an S-tag usefiil for affinity purification followed by a thrombin 
proteoKtic-cleavage site (Fig. IC). The N-terminal 67 residues of SUl missing in the fusion 
protein are not represented in Ps. isoamylase (James et al., 1995). and thus most likely are not 
required for enzymatic activity. 
Inducible expression of a fusion protein of approximately 75 kD was detected in both 
the soluble and insoluble flections of crude E. coli cell extracts by SDS-PAGE. and was 
identified specifically as SUlr by immunoblot analysis using anti-SUl (data not shown). 
Equivalent protein fractions from uninduced E. coli cells and also from induced E. coli cells 
harboring the empty plasmid pET-29(b)+ served as negative controls. SUlr was purified 
from the total soluble extracts by means of the affinity of the fused S-tag region for S-protein 
derived from RNase A (Novagen), and was released from the affinity matrix by cleavage with 
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thrombin. Analysis of the purified material by SDS-PAGE revealed a single polypeptide of 
approximately 75 kD on a silver-stained gel. and immunoblot analysis with anti-SUl also 
identified a 75-kD protein (Fig. 4). The expressed protein is approximately the size predicted 
by the Sul cDNA sequence, and at this sensitive level of detection appears to be free of 
contaminating proteins. 
SUlr Cleaves a-(l->6) Branch Linkages 
SUlr was found to possess DBE activi t \ \  Purif ied SUlr  cleaves,  presumably by 
hydrolysis, the a-( I ->6) branch linkages of amylopectin. the p-limit dextrin of amylopectin. 
oyster glycogen, and maize phytoglycogen. as measured by an increase in the maximal 
absorbance (blue value) of the glucan-iodine complex after treatment with the enzyme 
(Fig. 5). In the case of amylopectin. a shift also occurred in the /.max- An increased blue value 
reflects greater linearit\' of the polysaccharide, and a shift in the /.max normally indicates that 
the reaction product consists of longer, unbranched chains (Banks et al.. 1971). Incubation of 
amylopectin with SUlr for 1 h resulted in an increase in the blue value of 0.5 absorbance unit 
at 550 nm. as well as a shift in the /.max from 520 to 550 nm (Fig. 5). Thus. SUlr was shown 
to hydrolyze branch linkages within amylopectin. producing linear molecules with longer 
effective chain lengths, which complexed more readily with iodine. Smaller increases in 
blue-value also resulted from a similar incubation of SUlr with the p-limit dextrin of 
amylopectin (0.15 unit at 520 nm), and both oyster glycogen and maize phytoglycogen (0.15 
unit at 470 run), although in each instance there was little or no shift in /-max (Fig. 5). A 
constant /.max also was observed after debranching of glycogen with Ps. isoamylase, 
presumably because of the overall shorter and more uniform chain lengths in the glycogen 
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SDS-PAGE 
Figure 4. Purification of SU 1 r. A. Silver stain of an SDS-PAGE gel. The gel contains 
approximately 0.5 ^g of affinity-purified protein collected from E. coli cells 
bearing pAR4 grown in inducing conditions, and shows a single polypeptide of 
approximately 75 kD. B. Immunoblot analysis with anti-SU 1. The gel analyzed 
was a duplicate of that shown in A. The purified 75-ldD protein is recognized by 
anti-SU 1. 
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Figure 5. Absorption spectra of glucan-iodine complexes. The indicated substrates were 
incubated with SU1 r. and aliquots of the reaction mixtures were combined with 
iodine/potassium iodide stain. Spectra were recorded before the addition of SU 1 r 
(dashed lines) and after 1 h incubation (solid lines). 
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molecule (Yokobayashi et al.. 1970). 
Substrates of SU1 r were also identified by a quantitative colorimetric assay that 
measures increases in the reducing value of the reaction products relative to the substrate 
(Fig. 6). The formation of new reducing ends was assessed hourly during the course of a 6-h 
incubation period of various substrates with SU 1 r. Again, SU 1 r was shown to have 
significant activity towards amylopectin. with the number of reducing ends formed increasing 
linearly for the entire incubation period (Fig. 6). Hydrolysis of p-limit dextrin proceeded in a 
similar maimer but at a slower rate under these reaction conditions (Fig. 6. Table 1). 
Phvtoglycogen and glycogen also are substrates of SU 1 r. although the rate of 
formation of new reducing ends leveled off after 5 and 3 h. respectively (Fig. 6). 
Significantly, there were no new reducing ends formed during the incubation of pullulan with 
SU 1 r. indicating that SU 1 r is unable to hydrolyze a-( 1 —•6) glycoside bonds in this substrate. 
Table 1. Substrate specificity ofSUlr 
Substrate Specific Activitv"* Relative Activitv- (%)'' 
Amylopectin 3.34 100 
P-limit dextrin 2.04 61 
Phytoglycogen 0.74 22 
Oyster glycogen 0.74 22 
Pullulan 0 0 
® Specific activity units are fimol maltose equivalents/min/mg protein 
^ Activity toward amylopectin is set at 100% 
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Figure 6. Hydrolytic activity of SU1 r. The indicated polysaccharides were incubated with 
SUlr .  and the concentrat ion of  reducing ends present  in the react ion mixtures was 
determined in terms of micrograms of maltose equivalents per milliliter. The 
amount of SUlr present in the reactions using glycogen and ph>toglycogen was 
twice that present in the reactions utilizing amylopectin and P-limit dextrin. 
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These results were supported by TLC analysis of the products of the pullulan/SUlr reaction, 
which indicated that no maltotriose was released (data not shown). The specific activities of 
SUlr towards each of the substrates tested under these reaction conditions is provided in 
Table 1. as is a comparison of the activities relative to that for amylopectin. The finding that 
SU1 r has DBE activity towards each of the substrates tested except pullulan classifies it as an 
isoamylase rather than a pullulanase type of DBE. The Sul product, therefore, is referred to 
as SU 1 isoamylase. 
SU 1 r activity- toward branched cyclodextrins containing either glucosyl or maltosyl 
side chains also was tested. Cycloheptaose (also called p-Schardinger dextrin) to which a 
glucosyl or a maltosyl branch was attached by an a-( l->6) linkage (called Glc-cGlc7 and 
Glc2-cGlc7, respectively), was incubated with SU 1 r, and the reducing value of the product 
was measured over time. No increase was seen in the number of reducing ends following the 
incubation of either GIc-cGlc7 or Glc2-cGlc7 with SUlr, indicating that SUIr is unable to 
hydrolyze the a-( 1 ->6) linkage between the glucosyl or maltosyl side chain and the 
cyclodextrin (data not shown). These results suggest that SUl requires a chain length of 
greater than two Glc units as a minimal substrate for its presumed hydrolytic activity. This 
interpretation is supported by TLC analysis of the products of the p-limit dextrin/SUIr 
reaction, in which no maltose was released (data not shown). Maltotriose was observed in 
this TLC analysis, however, indicating that a minimum chain length of three glucose residues 
is  needed for  debranching by SUlr .  
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Properties of SUlr Isoamylase 
The debranching activity of SUI r toward amylopectin. as measured by the changes in 
reducing value, occurred only within the narrow range of relatively neutral pH. from 5.5 to 
8.0.  Maximal act ivi tv '  occurred at  pH 6.0 (Fig.  7A).  .A.t  this  optimal  pH value.  SUlr  
hydrolyzed branch linkages in amylopectin at temperatures between 15 and 40"C. with 
maximal activity occurring at appro.ximately 30"C (Fig. 7B). SUlr was completely inactive 
at 50"C and above. Thermal stability of SU Ir was tested by a 10-min preincubation of the 
enzyine at temperatures of 30"C and higher, followed by assessment of its activity toward 
amylopectin at 30''C. The results mirrored those of the thermal-activity tests, indicating that 
enzyme stabilitv' declined until it was lost at 50'^C (Fig. 7C). 
Neither divalent cations nor sulfhydryl agents were required for the activity of SU 1 r. 
•Although SUlr enzymatic reactions were conducted routinely in buffers devoid of divalent 
cations, the addition of either 10 mM calcium or magnesium ions to the buffer did not alter 
SU 1 r activity (data not shown). SU 1 r activity- was not dependent on residual calcium ions, 
because addition of 10 mM EDTA to the reaction buffer did not alter the reaction rate. 
Maintenance of enzvine stability did require the addition of 5 mM DTT to the storage buffer. 
Products of SUlr hydrolysis 
The debranching activity of SUlr was characterized fiirther by analysis of the linear 
chains released from amylopectin after digestion with the recombinant enzyme. The chain-
length profi le  obtained after  t reatment of  amylopectin from waxy- mutant  maize with SUlr  
for 1 h. as determined by HPAEC-ENZ-PAD. is shown in Fig. 8. This pattern is ver>' 
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Figure 7. pH and temperature optima for SU1 r activity and stability. A, Activity of SU1 r 
relative to pH. SUlr was incubated with amylopectin in buffers adjusted to pH 
values from 3-10. and activity was determined at 30°C as illustrated in Figure 6. 
B, Activity of SU 1 r as a function of temperature. SU 1 r was incubated with 
amylopectin at pH 6. at temperatures ranging from IS'C to 60°C. C. Thermal 
stabilit)' of SU I r. SUlr was pre-incubated for 10 min at temperatures ranging 
from 30°C to 60°C prior to its incubation with amylopectin at 30°C. pH 6. 
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similar to that obtained after an analogous treatment of the same substrate with Ps. 
isoamylase (Fig. 8) and to that reported by others for the complete debranching of 
amylopectin by Ps. isoamylase (Wong and Jane. 1995. 1997). These results lend ftxrther 
support to the identification of SU1 as an isoamylase. 
Potential Regulation of a Second Maize DBE by Sul 
The enzymatic properties of SLilr are distinct from those of the DBE known to be 
deficient in sul- mutant endosperms. Specifically. SUlr fails to hydrolv-ze pullulan. whereas 
the DBE activitv' previously foimd to be lacking in sul- mutants was defined using pullulan 
as the substrate (Pan and Nelson. 1984). To investigate this apparent discrepancy, endosperm 
extracts were examined for the presence of a pullulanase with expression dependent on SU 1 
fimciion. .Aji antiserum raised against purified R enzyme from rice endosperm (Nakamura et 
al.. 1996a) was used to detect antigenically related proteins in extracts from wild-tvpe maize 
endosperm harvested 20 DAP. This antiserum identified four pohpeptides in immunoblot 
analysis, one of which was approximately 100 kD in size, and therefore coincided with the 
105-kD molecular mass known for the native R enzyme in rice ( Toguri. 1991; Nakamura et 
al.. 1996a) (Fig. 9). The abundance of this lOO-kD protein was greatly reduced in e.xtracts 
from homozygous 5i//-/?e/kemels (Fig. 9). These data suggest that a pullulanase structurally 
related to the rice R enzyme exists in maize, and that accumulation of this protein may be 
affected by sul- mutations. Immunoblot analysis using the rice R-enzyme antiserum was 
performed on starch-granule-bound proteins and postgranule fractions from maize 
endosperm. The results showed that, like SUl isoamylase, the putative maize pullulanase is 
a soluble endosperm protein (data not shown). 
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Figure 9. Immunoblot analysis with rice R-enzyme antibody. Total protein extracts from 
kernels in the Oh43 inbred background were analyzed. The polypeptide of 
approximately 100 kD present in wild-type kernels was deficient in the 
homozygous sul-Ref mutant kernels. 
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Further support for the conclusion that a rice R-enzvTne homolog is present in maize, 
provided by characterization of a nearly full-length cDNA sequence isolated from an 
endosperm library, will be described in detail in a paper in preparation (M. Beatty, A. 
Rahman. A.M. Myers, and M.G. James, unpublished data). This cDNA codes for a protein of 
approximately 100 kD that has high identity to the rice R enzyme (Nakamura et al.. 1996a). 
Genetic mapping by restriction fragment-length polymorphism linkage analysis showed that 
the gene that codes for this pullulanase homolog is located on chromosome 2 (data not 
shown). This map location is distinct from that of suL which is located on chromosome 4S 
(Neuffer et al.. 1997). 
Discussion 
This report demonstrates that the product of the maize gene sul is a polypeptide with 
an apparent molecular mass of 79 kD that is located exclusively in the soluble fraction of 
endosperm cells and is present during the time of starch biosynthesis. Furthermore. SUl was 
specifically identified as an a-( 1 ->6) glucan hydrolase of the isoamylase class. Together with 
previous characterizations of the cloned sul gene (James et al.. 1995). the fact that the 
polypeptide identified by anti-SUl antibodies is missing in various sul- mutant endosperms 
is confirmation that the cloned cDNA was correctly identified as a copy of the Sul transcript. 
Thus, the phenotypic effects of sul- mutations must be explained as a result of the primary 
defect in the DBE characterized here as SUI isoamylase. 
An increase in the absorbance of a giucan-iodine complex after incubation with an 
enzyme is the standard means of demonstrating debranching activity; this measurement, the 
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blue value, is known to increase with the linearity of the polysaccharide (Banks et al.. 1971). 
In addition, a shift in the is known to reflect an increase in the number of linear chains. 
Increases in both the blue-value and the /.max were observed after incubation of amylopectin 
with SUlr. defining SUl as a DBE. This conclusion was confirmed by analysis of the glucan 
chains produced following a relatively brief digestion of amylopectin with SU1 r. The 
resultant chain-length distribution indicated complete debranching of amylopectin. and 
closely matched the distribution obtained by digestion with Ps. isoamylase. 
Quantitation of hydrolysis rates revealed that the specific activity of SU I r towards 
amylopectin was significantly greater under these reaction conditions than towards the p-limit 
dextrin of amylopectin. phytoglycogen. or oyster glycogen. For p-limit dextrin this effect 
may be attributable to the short lengths of the exterior branch stubs that remain in the dextrin 
after treatment of amylopectin with p-amylase. .Maltosyl stubs were shown directly to be 
poor substrates by the lack of activity of SU 1 r towards Glc2-cGlc7. This is also true for Ps. 
isoamylase. which cleaves maltosyl branches at a lower rate than maltotriosyl branches, and 
in general is more active towards longer glucan chains (Kainuma et al.. 1978). Reduced 
activity of SUlr towards phytoglycogen and glycogen compared to amylopectin also is likely 
to result from substrate structure, given that these molecules have shorter average chain 
lengths than amylopectin and relatively uniform distributions of branch-linkage positions. 
Overall, these results suggest that SU 1 r does not require the ordered branching structure of 
amylopectin to recognize a substrate, and that chains with as few as three Glc residues can be 
released by the enzyme. There was no observable activity of SU 1 r towards pullulan. Taken 
together, the data clearly indicate that SUlr is a DBE of the isoamylase class. 
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The recombinant form of SU1 analyzed in vitro exhibits a slightly smaller apparent 
molecular mass than the native protein (75 as opposed to 79 kD). The amino acid sequence 
of the mature N terminus of native SUl has not yet been determined, and it is likely that the 
native protein and SU Ir have distinct N termini. The possibility exists, therefore, that the 
enzymatic activity of SUl in cells could differ from the properties determined in vitro. That 
SUl functions as an isoamylase in vivo is most likely, however, considering the in vitro 
characterization and the fact that SUl is more closely related to isoamylases than to 
pullulanases (James et al., 1995). 
SU 1 is distinct from bacterial isoamylases with respect to substrate preference and 
optimal pH and temperature conditions. Ps. isoamylase. a monomeric enzyme of 81 kD. is 
optimally active in the acidic pH range of 3.0 to 4.0 and at a temperature of 52'C 
(Yokobayashi et al., 1970). This isoamylase completely hydrolyzes the branch linkages of 
amylopectin and glycogen, releasing maltotriose and larger maltosaccharides. but its activity-
is relatively equal towards both substrates { Yokobayashi et al.. 1973; Kainuma et al.. 1978). 
In contrast. SUlr debranches amylopectin more readily than glycogen, and is optimally active 
within the neutral range of pH 6.0 to 7.0 and at temperatures between 25 and 37'C. A 
plausible explanation for the different conditional and substrate requirements for such 
similar-acting enzymes is that each has developed a functional adaptive response to its own 
unique environmental conditions while still using the same structural motifs for substrate 
binding and catalysis. 
Based on its enzymatic characteristics. SUl may be the same enzyme that was defined 
biochemically as isoamylase II (Doehlert and Knutson, 1991). Like SUlr. isoamylase II is 
present in extracts of developing maize kernels, is active at a neutral pH. hydrolyzes 
amylopectin more rapidly than phytoglycogen. and requires reducing agents in the buffer for 
maintenance of activity. Isoamylase II has an estimated molecular weight of 141 kD as 
determined by gel filtration, which is significantly larger than SU1. However, this 
observation by itself does not exclude the possibility that SU 1 and isoamylase II are the same, 
because the size determination was made on relatively crude fractions and the possibility 
exists that SUl is oligomeric in vivo. .Mother maize isoamylase was identified in extracts 
from mature sul- mutant sweet com kernels (Manners and Rowe. 1969). The fact that SUl 
is not present in sul - mutant kemels rules out identity with this sweet-corn isoamylase. which 
most likely participates in endosperm-starch degradation following seed germination. 
The finding that sul- mutants are deficient in a DBE was first demonstrated by Pan 
and Nelson (1984). In that study, the assay used to detect hydrolysis of a-( 1 ->6) linkages 
employed pullulan as a substrate, so the missing enzyme must be classified as a pullulanase. 
These results do not agree with characterization of SUI as an isoamylase that has no activity 
toward pullulan. Further analysis of sul- mutant endosperms in the present study, however, 
revealed deficiencies of two proteins. SU 1 isoamylase and a protein immunologically related 
to a known R enzyme. These data suggest that the sul locus controls the accumulation of 
two different DBEs. 
An alternative possibility, that a deficiency of the pullulanase occurs as the result of a 
second mutation present in the sul- stock, can be ruled out by a previous characterization of 
multiple, independent sul- mutations (Pan and Nelson, 1984). In that study, pullulanase 
activity was assayed in six distinct sul- mutant lines, and found to be deficient in each. If a 
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mutation other than sul- were responsible for the pullulanase deficiency, it would have had to 
occur simultaneously with the 5w/-mutation in each instance. The likelihood of this 
happening is remote. We conclude, therefore, that sul function is necessary for accumulation 
of a pullulanase type of DBE in addition to the isoamylase for which it codes. Such a 
pleiotropic effect would reconcile the results of the initial study of Pan and Nelson (1984) 
with the current characteri2:ation of SUI. .A. similar situation exists in rice, where the R 
enzyme found to be deficient in 5Mga/y-mutants is not coded for by the sugary gene 
(Nakamura et al.. 1996b). 
Two hypotheses are offered that might explain why the primary deficiency in SUI 
isoamylase secondarily results in a decrease of the putative pullulanase. First, the two DBEs 
may associate in vivo in a multisubunit complex. Deficiency of SU 1 could dismpt the 
complex, which could result in decreased accumulation of the pullulanase. The second 
suggestion is that sul- mutations indirectly result in an altered expression of the gene coding 
for the pullulanase. possibly as a result of the increased mono- and disaccharide 
concentrations in the mutant endosperm. 
Mutations of sul have been studied for nearly a century because of their unique 
effects on kernel starch. Here we show that these mutations cause a primary deficiency in an 
isoamylase normally present in the endosperm at the time that starch is produced. These 
observations suggest that SU 1 isoamylase participates in starch bios>'nthesis. Furthermore, 
the fact that combined deficiencies of SUI isoamylase and a pullulanase result in 
phytoglycogen production at the expense of amylopectin is most simply explained by direct 
participation of DBEs in amylopectin synthesis. A mechanism by which this might occur 
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was recently proposed in a model for the sv-nthesis of storage starch, which suggests that 
DBEs act to selectively trim newly introduced branches to restore spatial order to the growing 
amylopectin molecule (Ball et al.. 1996). Further analysis of the nature of the conditions and 
substrates required by both SUl isoamylase and pullulanase. as well as characterization of the 
regulatory mechanisms that govern these enzvines. is expected to elucidate the specific roles 
played by DBEs in starch biosynthesis. 
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CHAPTER 3. GENETIC AND BIOCHEMICAL CHARACTERIZATION 
OF ZPUl, A PULLULANASE-TYPE STARCH DEBRANCHING 
ENZYME FROM MAIZE 
A paper submitted for publication in Plant Physiology 
Afroza Rahman, Mary K. Beatty, Heping Cao, Wendy Woodman, Michael Lee, Alan 
M. Myers, and Martha G. James 
Abstract 
This study characterized both isoamylase- and pullulanase-t\pe of starch debranching 
enzymes (DBE) from maize endosperm. .A. maize cDNA. Zpul. was cloned based on its 
homology with a rice cDNA coding for a pullulanase-t>'pe DBE. Comparison of the protein 
product. ZPUl. with 18 other DBEs identified motifs common to both isoamylases and 
pullulanases. as well as class-specific sequence blocks. Zpul hybridized with a single-copy 
gene. zpuL that mapped to chromosome 2. Zpul mRNA was abundant in endosperm 
throughout starch biosynthesis, but was not detected in leaf or root. Anti-ZPU 1 antiserum 
specifically recognized the -100 kD ZPUl protein in endosperm extracts. DBE activities of 
the pullulanase and isoamylase types were each purified from extracts of developing maize 
kemels. The pullulanase activity was identified specifically as ZPU1, and the isoamylase 
activity was identified as SUl. Mutations of the sugary 1 (sul) gene are known to cause 
deficiencies of SUl isoamylase and at least one pullulanase-type DBE. ZPUl was greatly 
reduced insw/- mutant kemels, indicating this is the affected pullulanase. Zpul transcripts 
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were of equivalent size and abundance in nonmutant and sul- mutant kernels, indicating that 
coordinated regulation of these two DBEs occurs post-transcriptionally. 
Introduction 
Amylopectin is a branched glucose polymer that is a major constituent of plant starch 
granules and the primarv- determinant of their structural and physical properties. The spatial 
positioning of a(1^6) glycosidic bonds, i.e. branch linkages, is a critical aspect of the three 
dimensional structure of amylopectin (Gallant et al.. 1997). Branch linkages are introduced 
by the actions of starch branching enzymes (BEs), and are hydrolyzed by the actions of 
starch debranching enzymes (DBEs) (for recent reviews see Preiss and Sivak. 1996; Smith et 
al.. 1997). Mutations that result in DBE deficiencies, such as the sugary I (sul) mutations of 
maize and rice (James et al.. 1995; Nakamura et al.. 1996b; Pan and Nelson. 1984; Rahman 
et al.. 1998), alter the number and spatial distribution of branches in amylopectin. DBEs. 
therefore, are believed to be involved in branch pattern determination, possibly providing an 
editing function (Ball et al.. 1996). 
Two classes of DBEs have been identified in plants that are distinguishable by their 
substrate specificities (Doehlert and Knutson. 1991; Lee and Whelan. 1971). Isoamylases 
cleave a(l—>^6) branch linkages in amylopectin and glycogen, but do not hydrolyze the 
chemically identical bonds in pullulan. an a( 1 ^ 6)-linked maltotriose polymer. In contrast, 
pullulanases, also referred to as R-enzymes or limit-dextrinases (Manners, 1997), readily 
hydrolyze a(l-^6) linkages of pullulan or amylopectin, but have little activity toward 
glycogen. Biochemical fractionation experiments identified both isoamylase and pullulanase 
activities in developing maize kernels during the starch biosynthetic period (Doehlert and 
Knutson. 1991; Pan and Nelson. 1984), but the genetic identities and specific functions of 
these two DBEs have not yet been established. 
The primary sequences of a pullulanase firom rice endosperm and an isoamylase firom 
maize endosperm are known from cloned cDNAs. Elice R-enzyme (RE) was purified 
biochemically and characterized as a pullulanase-type DBE. and the cDNA coding for RE 
was cloned (Nakamura et al.. 1996a; Toguri. 1991). A maize cDNA identified fi-om a cloned 
fragment of the sul gene codes for a protein similar to bacterial isoamylases (James et al.. 
1995). The sul gene product. SUl. functions as an isoamylase-type DBE. and is present in 
developing maize endosperm during the time that starch is sv-nthesized (Rahman et al.. 1998). 
E.xpression of the isoamylase- and pullulanase-type DBEs of maize seemingly is 
coordinately controlled. Even though the sul locus codes for codes for an isoamylase 
(Rahman et al.. 1998), previous studies had demonstrated a reduction in the activity of a 
pullulanase-type DBE in sul- mutant endosperms (Pan and Nelson. 1984). Consistent with 
these data, a protein related immunologically to rice RE is present in nonmutant maize 
kernels at 20 days after pollination (DAP), but deficient in sul- mutant kernels of the same 
age (Rahman et al.. 1998). Thus, sul- mutations apparently result in the deficiency of two 
distinct DBEs. A similar situation is likely to occur in rice, where the sul mutation 
controlling RE expression maps to a chromosomal location that is distinct from the gene that 
codes for RE (Nakamura et al.. 1996a). 
Maize genes that code for pullulanase-type DBEs have not been characterized to date. 
Here we describe the sequence of a flill-length cDNA, designated Zpul (for Zea mays 
Eullulanase), which codes for a protein that is similar in sequence to the rice RE. Zpul 
transcript accumulation was characterized, and the corresponding gene zpul was mapped. 
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The gene product ZPU1 was shown to be a pullulanase-ty-pe DBE present in developing 
endosperm, and to account for some or all of the pullulanase activity lacking in sul- mutants. 
Transcript analysis indicated that the coordinate regulation of ZPU 1 and SU1 occurs via a 
post-transcriptional mechanism. 
Materials and Methods 
Plant materials and nomenclature 
Nonmutant plants in the maize inbred W64A and Oh43 backgrounds and plants 
homozygous for the reference mutation sul-Ref (Correns. 1901) introgressed in these same 
genetic backgrounds were utilized for gel blot and protein analyses. Standard genetic 
nomenclature for maize is used as described by Beavis et al. (1995). Additionally, non-
italicized gene symbols were used to designate cDNAs and transcripts. 
Characterization of Zpul cDNA 
A random-primed maize endosperm cDNA library in A.gtl 1 (K. Cone. Universit>- of 
Missouri) was screened using a 1.2 kb HindlU fragment firom the rice RE cDNA as a 
hybridization probe (Nakamura et al., 1996a). Standard procedures were followed for 
preparation of phage lifts, phage amplification, and single-plaque purification, plasmid 
construction, and growth of E. coli cells (Ausubel et al.. 1989; Sambrook et al.. 1989). DNA 
was isolated from purified phage by the Wizard DNA Purification Kit (Promega). cDNA 
inserts were characterized regarding their length by gel electrophoresis after digestion with 
£coRJ. The longest, in clone a 14-1, was 2.3 kb in length, and was subcloned into 
pBluescript KS+ to create plasmid pMB12. Subsequent screens of the endosperm cDNA 
library with the entire 2.3 kb insert from pMB12 (probe EE2.3) identified clones overlapping 
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the 3'-end (A.6A. a.10A. /l16A, and A.17C), and screens using the 680 bp Eco^HindWl 
fragment as a probe (probe EH.68) identified clones overlapping the 5'-end (A2A. A. /.3C. 
and /.3E). Nucleotide sequences were determined by standard procedures (Ausubel et al.. 
1989) for both strands of the cDNA inserts in pMB12 and phage clones /-17C. /3C. and ^E. 
Universal primers and svTithetic primers specific to portions of the cDNA inserts or to 
lambda DNA were used for sequence analysis. 
Production of anti-ZPUl polyclonal antisera 
To express part of ZPUl as a fusion protein, the 2.3 kb ^coRJ insert from pMB12 
(Figure 1) was subcloned into plasmid pGEX-4T-2 (Pharmacia), creating plasmid pMLl. £ 
coli DHSa cells containing pMLI were grown in 50 ml LB A medium (Luria broth 
supplemented with 40 |.ig/ml ampicillin) at 37°C for 7 h. then the entire culture was 
transferred to 1 1 LB A supplemented with 2.5 mM betaine and I M sorbitol and grown at 
30°C for 24 h. Fusion protein expression was induced by addition of isopropyl-P-D-
thiogalactopyranoside (IPTG) to 0.1 mM. and incubation was continued at 37°C for 3 h. Cell 
lysis and affinity purification of GST-ZPUl using glutathione-agarose beads was performed 
as described previously (Rahman et al.. 1998). The fiision protein was eluted in 100 mM 
Tris-HCl. pH 8.0. 120 mM NaCl. 20 mM glutathione. 
To produce polyclonal anti-ZPUl serum, 0.5 ml (-300 |ig) of purified GST-ZPUl in 
IX PBS was mixed with 0.5 ml Freund's complete adjuvant (Sigma) and injected into each 
of two New Zealand white rabbits according to standard procedures (Harlow and Lane, 
1988). Inoculations were repeated four times at three-week intervals using -200 \ig fusion 
protein emulsified in Freund's incomplete adjuvant (Sigma). Immune serum was collected 
Figure 1. Characierizalion of the Zpul cDNA. A, Overlapping bacteriophage lambda clones provide the full length Zpul 
cDNA. The 3261 bp nucleotide sequence of the Zpul cDNA was determined from overlapping sequences of three 
lambda clones. The Zpul cDNA sequence is available as (JenBank accession number AF080567. B, Primary 
sequence alignment of ZPIJI with rice Rli. Amino acid residues deduced from the Zpul cDNA (Zm) and rice RH 
cDNA (Os; GenBank accession number 1)50602) are shown in alignment. Boxed residues are the same in both 
polypeptides. I'he asterisk designates the transit peptide cleavage site known in Rii. 
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six weeks following the final inoculation, assayed for antibody titer, and stored at -80°C in 
the presence of 0.02% sodium azide. 
DNA and RNA gel blot analyses 
DNA gel blots. Genomic DNAs were isolated from W64A seedling leaves by the 
procedure of Dellaporta et al. (1983). digested with restriction enzymes, and electrophoresed 
and transferred to nylon membrane as described previously (James et al.. 1995). DNA gel 
blots were hybridized with probe EE2.3 or probe EH.68 labeled with "'"P by the random 
primer method (Ausubel et al.. 1989). 
RNA gel blots. Total RNAs were isolated from maize tissues and subjected to gel 
blot analysis as previously described (Gao et al.. 1998). RNA gel blots were hybridized with 
porbe EE2.3. 
Mapping of zpul. The zpul gene locus was mapped to a specific maize chromosome 
by analysis of RFLPs in the T232xCM37 and C0159xTx303 recombinant (RI) populations, 
consisting of 48 individuals and 41 individuals, respectively (Burr et al.. 1988). Segregation 
data produced from both populations were utilized (Burr et al.. 1993; Matz et al.. 1994). 
Genomic DNAs were isolated from immature leaves of parental inbreds and RJ plants by the 
method of Saghai-Maroof (1984). digested with £coRI. and subjected to gel electrophoresis. 
Gel blots were hybridized with Zpul probe EE2.3. Maximum likelihood estimates of linkage 
and map distances were determined using the MAPMAKER program (Lander et al.. 1987). 
Genetic linkage was determined with a recombination value of 50 and a LOD threshold of 
4.0. 
Fractioaation, enzymatic assay, and immunoblot analysis of DBEs 
Ceil extract and ammonium sulfate precipitation. Kernels were harv ested 20 days 
after pollination (DAP), quickly frozen in liquid nitrogen, and stored at -80°C. 
Approximately 15 g of frozen kernels or endosperm tissue was pulverized in liquid nitrogen, 
then stirred overnight at 4"C in 40 ml extraction buffer (50 mM Hepes-NaOH. pH 7.5. 
10 mM EDTA. 5 mM DTT. 1 mM PMSF. 0.5 ml per g tissue protease inhibitor cocktail 
[Sigma no. P2714]). The suspension was centrifiiged at 39.000 x g for 20 min. The 
supernatant was filtered through four layers of Miracloth and centrifiiged again under the 
same conditions. The supernatant was then passed through a 0.45 (JJTI syringe filter to yield 
the crude kernel extract. This solution was made up to 40% ammonium sulfate and stirred 
for 1 h at 4'"'C. Precipitated proteins were collected by centrifugation at 16.000 x g for 
20 min. suspended in 20 ml of buffer A (50 mM Hepes-NaOH. pH 7.5. 10 mM EDTA. 5 mM 
DTT. 5% glycerol), and dialv-zed overnight at 4^0 in 1 1 of the same buffer. 
Anion exchange chromatography. The dialv^ed protein solution was centrifuged at 
10.000 X g for 15 min. and the supernatant was passed through a 0.45 svxinge filter. The 
solution was then applied to a pre-equilibrated Q Sepharose Fast Flow column (Pharmacia: 
1.5 cm X 46 cm column, 80 ml bed volume; approximately 1.3 mg protein loaded ml"' bed 
volume). .After washing the column with 850 ml of buffer A, bound proteins were eluted 
with a linear, 600 mi gradient of 0 to I M NaCI in buffer A. Fractions (8 ml) were assayed 
for DBE activity as described later in this section. Fractions containing DBE activity were 
concentrated approximately 80-fold using an Ultrafree-4 centrifugal filter-unit concentrator 
(NMWL-10K,Millipore), pooled, made up to 50% in glycerol, quickly frozen in liquid 
nitrogen, and stored at -80"C. 
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Gel permeation chromatography. Proteins from the 40% ammonium sulfate 
precipitate or. for Purification A (see Results), pooled fractions from the Q Sepharose 
column, that exhibited pullulanase activity, were applied to a Sephacryl S-200 superfine gel 
permeation column (Pharmacia; 2.5 cm x 90 cm column. 440 ml bed volume) and eluted 
with the equilibration buffer (10 mM Hepes-NaOH. pH 7.5. 5 mM DTT. 5 mM MgCli) at a 
flow rate of 0.5 ml min '. Aliquots from 7.5 ml fractions were checked for pullulanase 
activity. Fractions containing the enzyme were pooled and concentrated as described. 
FPLC. Pullulanase fractions from the Sephacr\"[ S-200 column containing 3 mg 
protein were diluted to 10 ml in buffer A. then loaded onto a Mono Q colunm (Pharmacia; 1 
ml bed volume) equilibrated with buffer A. The column was washed with 10 ml buffer 
then eluted with a linear. 50 ml gradient of 0 to 0.5 M NaCl in buffer A. Fractions were 
again assayed for pullulanase activity, concentrated, and stored as described above. 
Affinity chromatography, Pullulanase fractions pooled following anion exchange 
chromatography with Q Sepharose were dialyzed in citrate buffer (50 mM Na-citrate. pH 5.5. 
5 mM DTT) and concentrated as described. Approximately 0.4 mg protein was applied to a 
column containing epoxy-activated Sepharose (Sigma) conjugated with cyclohexa-amylose 
(Sigma) (Vretblad, 1974) and equilibrated with the citrate buffer (0.7 cm x 8 cm column. 3 
ml bed volume). Bound pullulanase was eluted with 1 mg/ml p-cyclodextrin (cyclohepta-
amylose) (Sigma) in citrate buffer. The fraction exhibiting pullulanase activity was desalted 
and concentrated approximately 200-fold. 
Immunoblot analysis. Proteins in concentrated fractions were separated by SDS-
PAGE in 6% gels, and transferred to nitrocellulose membranes according to standard 
procedures (Ausubel et al., 1989; Sambrook et ai.. 1989). Immunodetection was modified 
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from the ECL protocol (Amersham) as previously described (Rahman et al.. 1998). utilizing 
affinity-purified anti-SUl antibody diluted 1:200 in blocking solution, or crude anti-ZPUl 
antiserum diluted 1:25.000 in blocking solution. For comparative analysis of protein 
fractions from nonmutant and sul-Ref mutant kernels, equivalent amounts of protein were 
analyzed; blots were hybridized in the same antibody solution, then exposed for the same 
length of time. 
DBE assays. For isoamylase assays. 100 of each column fraction was incubated in 
a total volume of 0.2 ml containing 5 mg amylopectin (Sigma), 50 mM Hepes-NaOH. 
pH 7.0. for 2 h at 30"C. A 50 ^1 aliquot of each reaction was mixed with 700 pJ of HiO and 
250 )al of 0.01 M I2/O.5 M KI solution. The change in A550 was measured relative to a blank 
amylopectin reaction lacking protein as the reference. To measure reducing equivalent 
formation, the reactions were inactivated by mi.xing a 50 |jJ aliquot of each reaction with 
25 |jJ of 1 M NaiCOa. Reducing equivalents were determined as described by Fox and Robyt 
(1991) using maltose as the standard. For pullulanase assays. 50 pi of each column fraction 
was incubated in a total volume of 0.1 ml containing 5 mg pullulan (Sigma). 50 mM citrate. 
pH 5.5. for 2 h at 37''C. Reducing equivalents were determined as described above using 
maltotriose as the standard. Determinations of specific activities were made on pooled 
fractions from each purification step. Aliquots were assayed after 30 min. 1 h. and 2 h 
reaction times to demonstrate a linear increase in acti\'ity. 
Computational analyses 
Sequence analyses used the GCG Sequence Analysis Software Package (Genetics 
Computer Group, Madison. WI); multiple sequence alignment utilized the program PILEUP. 
Conserved sequence motifs were assigned based on the presence of at least one invariant 
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residue in the 19 polypeptides analyzed, as well as conservative substitutions of several 
nearby residues in aligned positions. Consensus sequences were determined by votes 
according to Posfai et al. (1989). Abbreviations and GenBank accession number references 
to Figure 2 are as follows, Pullulanases: Bth (Bacteroides theihaioiaomicron). U67061: Csa 
(Caldicellulosiruptor saccharolyticus), L39876; Kae (Klebsiella aerogenes), M16187: Kpn 
(Klebsiellapneumoniae), X52181; Osa. (Oryza saliva). D50602; Sol (Spinacia oleracea). 
X83969: Tma (Thermoioga maritima), AJ001087; Tsp (Thermus sp. IM6501). .A.F060205: 
Zma (Zea mays), XXXXXXX (this study). Isoamvlases-. Art (artificial gene), A10906; Ath 
(Arabidopsis thalinana), AF002I09; Eco (Escherichia co//), U18997: Fla (Flavobacterium 
sp.). 090120); Psu (Pseudomonas sp.). A28109. A37035: Sac (Sulfolobus acidocaldarius), 
D83245; Sso (Sulfolobus solfataricus), Y08256; Synl (Synechocystis sp.). U44761; S\ti2 
(Synechocystis sp.). D90908; Zma (Zea mays), U18908. 
Results 
Characterization of a maize cONA coding for a predicted puiluianase-type DBE 
The near-full length Zpul cDNA was cloned from a random-primed maize 
endosperm cDNA library utilizing a fragment of the rice RE cDNA as a hybridization probe. 
The complete Zpul cDNA nucleotide sequence of 3261 bp was determined from three 
overlapping bacteriophage lambda clones (designated /i3C. a.14-1. and /.17C) (Figure la) 
(Genbank accession no. AF080567). Zpul contains an ATG-initiated. continuous open 
reading frame (ORF) of 2886 bp that predicts a 962 amino acid polypeptide. ZPUl. of 
approximately 106 IcD. ZPUl protein is highly similar in sequence to rice RE. exhibiting 
78% identity among 880 aligned residues with three gaps in the alignment (Figure 1 b). The 
Figure 2. Multiple sequence alignment ofpullulanase- and isoamylase-type DBKs from higher plants and prokaryotes. DBHs 
are grouped based on characterized enzymatic activity and/or sequence similarity; any polypeptide within a class is 
significantly more similar to others within that group than to those of the other class. Conservative substitutions in 
the consensus sequences are noted when they fall into the functional groups defined by Dayhoff and Orcutt (1979), 
which are AGPST, IKMV, HKR, DENQ, RWY, and C. Residues invariant in all 19 sequences are noted by 
asterisks. Rare exceptions to the consensus sequence are underlined. Numerals refer to amino acid position 
beginning at the first A'l'G codon of the open reading frame. The number of non-conserved amino acids adjacent to 
each conserved motif is indicated, l-uil references for each sequence are listed in Methods and Materials. 
Conserved motifs in boxes are present in both the pullulanase and isoamylase classes, whereas conserved motifs 
without boxes are specific to one of the classes as indicated. Motifs 1 - IV are those defined previously that occur in 
all members of the a-amylase superfamily (Jesperson et al., 1993), and are numbered accordingly. 
i'uliulanase consensus 
PIJ-VII V VI 1 ini-viii I'll-lX 11 Ill I'll-X IV l'l)-XI 
V 
1 1 
I .  H  V  1  i  N 
K  
:  ; i  M  1  
1 .  .  t -
> » f  1 11. 1 .1 I .  1  
\ M M  ,  A -  -V 1 1 h l.H 1 i<i 1. i N W ' . i ' i  i  
*  * •  
..1 .'VMl VViNli h 1\ i 1 : i' la n .  t II H I t  ll'.H<rl l.M , i M 1 .t ,v: IMJV:. UHl 
• *  
• • . . .lit 
: i ' »  l . W A i T A t J l ' V  U | .  - l Y K ! n i H P V r  > Y J . V f i y i i i '  \  1  l i  K r / {  ( . v r :  r  I  '  r . ' f . ' T A . " f  I f f ! - !  !  '  V K V I  ' • i T n  !?•<, :vi V -.1 . W  n ; i } «  r , i  ! • '  j N Y A . ' w n ' r i F .  1 1 1 - . ' J - . W V  : > • « 
.'1/ I.WAi'i/v»jliV 
. l.WAl lAijAV 
- IVh.l n i h i l . .  
• 1 jM . l t l M l : ,  
1  i • i t . v j x r i ' i  
iKr. . i i a  , ,  
. . 1  I . V.'H: v.'ijjti 
. , 1  I ' V ' . ' l  I ' . ' V  i f . i t  
1  '1 
1-; 1  i V l  , 1  i l  1  
1 » MilA. i tlfI-1 1  •  
1  '  1 . ;  l A .  \  i l i M  . • 
t l \ i  • •M'M m. 
•  >tl'M \ i i . .  
1 M 1 
.  < 1 I . i  
i h  .  <  ( •  
< Mi: 1' 
if;< v.AJi! •?;>• 
;  N t  V. Am .'ir 
l .M' 
I M 
.  - 1  - • ' . • , 1 1 1  .  
lu t. i.W.'.t iAli V 
• 
iNn 'il l -.H'ViHi VVJMI 1 . i '  r.'i 11 1 !• .  I l . t  i h  I I'lM .• > 11 .'1 • .M-l 1 li-i 1 i .  ... .  1 M i ^ • .1 i: r...- 1 VI .  '  
I  iWAi i7«^KV in. I  i l'.VlMlH .Mill t 1 1 t it i r ; l M 1 Ml-* 1 • Mill • M'M IJI • AM.. .1 .M v\ i -1 ' ' .1.1 ' II. lii I rl' . V*' * Ar i -l • 
1 .  i i - V W A l  T A v ^ j V  l u  i 1 •' W.'W iil !• .rf-iNVIKJ'.' . ' i M (  1 i t - 1  ' : i  hi 1 .  •i . I ' .  Al t  . • :ri; iJ-! , 1 t  .  \ M 1 f A'.' "• Vfi 1 V..r 111 N-jl i.Wl- . '1 M.. ,1A^ - '  
Kj h l i t  v » ^ A H A v g v  In IHM.UIMM; I  1 • '  i >•} .MtiVlHl'VViKIl 1 '1 1 w 111. .1 . 1 .  Al 1 !li-M . • It 11 «.M<f 1 J i . ,  I M ^ •{ W . t t .  I i- h.ui u<ji i  w i '  .  -."lAf .1 t  
T i i u i  I  /  - V W ; : | ' V : ; r ' W V  '1. -  I  1  1  1 i t . ' M  . i i  \  M ..b>VlKl H'.'l 1 'I 
' •  
v i V i  .  .  1  . 1 '  : -J !K'1A..( I'lH . • i llll i;. . . i  .w .  1 t  M .p l i :  N i l  1 Mh > .  . . J , . ' i t  i . l  
J  I ' t  V W A }  J / U A V  
' •  
]  i i - 1  - D U i - J  « 1  i N r t ' . i i N )  •  . l i ' V V H U W i t . l i  1 ' '  h  l  . ' i  ,  I  J H '  .  \  ! . t  l A .  t  h i - M  .  •  n . l l  • M M « M  . a . .  U  ' . •  J . i  . •  M i l  ! •  A ' . '  • ;  1  I f h V M  i l U J i l l r W l '  .  A ^ ' i H  1  t  l i >  
/ ^ V i I "r~~i 
I n  «  l i  J  I  V  i '  1  1 '  •  I ' . ' N .  I h  ' 1  N I W i , ! '  i . ] r V J H J ' V ' V f ; r ' ) n A >  "  ' . M '  . U N  1  M M V l  : l A K A W  •] ' . . .  1  v l  V  ! ' •  l ( , t V .  A H U . h  l i y » l t  . ' .  U \  i l  i . V K H r ' i M . l ' l  1  l i t i H j  J  M  • '  
A .  1 .  M .  i h h U . K  I . '  V l V U ^ i l V l M ,  1 1  1 '  I I  . 1 1  . ' I H I  V V J  N M i A f  "  .  M '  . V i - : ;  - 1 '  M M V i  . H - M ' i K , ,  l . j M A W  • 1  '  o  . i  U 1  1  1  "  
- r a  J '  A H i  J - l l U M  . : 1 . .  i .  i V I M l  . H - . M  '  t i N i i l  1  ;  •  
A i  I  h >  - • l l  Y K A W ( . l '  V l V h V H V l - i ,  1 .  1 <  1  I ' l  1 1  i ' >  . i V l A V b  N i h i l !  '  1 1  r  . ' • H . K / r f . i i . ' A i  1  •  .  W i .  l i  ! ' . N  • i l  M . . V t  i M < i - !  I J c .  • •  >  1  h A H h  N i t  ) > '  I / a  i J ' V J J l  . 1  M .  W l '  > . l l  ^  '  l U i N A .  M . -
K . ' . .  -  ' I ' l  V h V l l X i  l - \  1  l Y U x H V K u  I .  i - >  1  I ' h A  i .  u l  l A l . t  U i ' k N ^ . i  • . 1  r . ' l  1  i  I V K M l .  A t  ' •  . l i ­ l U - ! !  I I V I  , t l ' M  ! J v / v  I  l A t i  W  • t i  / U ,  i "  . N I  . ' l A H i  i H i - l ' T  . .  U ,  M  x J l M M A . l t  1  N M N A i  1 . "  
H . .  ) ] ! >  - y i  I J ' A W c . l '  - V !  i h V i t V I n ,  1 . '  h i  l  i  K i  1  1 1 1  •  i V  1 A V V  N i V . ' . i  •  I t  . '  V I ;  V V i N H l ' . l  l t  . , M - i l  I ' N  • I  I  l . ' . V i  ) M u l  l i v .  - 1 1  1  l A K l W  . . : . t U  1  1  1 > >  I f U V V A i l l  , r  l l . K l '  . 1  l i l  . W N  '  N N N i  f  M  - l  
i  r . . - i U . '  -  V i  V j ' A W ; . i '  '»•{ V r t 7 V / ) W ' < .  1 .  / ' <  J  ;  < •  r  J  "  l A ' J A V h  I J  J V »  ;  J  •  . J t - ; i M l « ' . ; i l . ! l l A l  M  .  W l - , 1  U  •\ 1  H  . v :  l . h N l '  . 1  • J  ' . . .  .  t . l  f  1  .  : N t  i i ' V i i i  M l l . K l - . •  t  N i  . W l '  .  M  i l l  i J v j . w l  i  '  N J l t l A i  M  - l  
- 1 (  h - l  1  I ' I  K i l l  I K ' .  I .  !  t  1 '  1  1 .  1 . 1 1 1  \ n  f / i  W  • . . i  f  . ' (  ; i f { . ' ' i / < « I A r  '  -  t h  ' •  M H V I  - M - M - J A .  J . l A i - l W  I t  . . . M  1  <  1 "  1 1 . .  1 : . | I I  . 1  l l ' . l '  . H i  . M M  » l  . i U i > l l l . . l K  '  N I I U A ^  M .  
• t . '  V A Y K V n . l '  ' i 4  V IVHVKM  1 . '  } < .  1  J  h . i  1  1 .  ' . i  1  ! V l  ' A \  .  1  l l < - l V i ! . ! i l A I  M  . . M '  , 1 1 U  r  H H V .  . H ^ M - A A  1  1  A H  W  H i  < . : - i  I I I  I  '  . t  J l . M '  .  .  J J i  W N  U  . . n . H l l ' i U  >  N N I ^ A t  1  (  1  
M l  1  1  i K K H V u . .  J  1  h <  \  I  h ' >  I ' l  . 1  l A V r  
' . ' i l l  W t N l l l A t  . ' 1  i '  . U N  •\ \ M l i V l  , M < I  M A : .  1 '  1 l A K A W  • I "  •  . . i  1 1 .  1 "  i l U ' .  1 '  I I I  I t  l l V l .  .  . •  N t  W M  \ [  - l i i M l  i / + i f - K  '  N N N . . I  M » »  
; ; y i i .  - V i  v w u : - . ! '  V r a M H W < ' .  1  f  <•' J  i -  A  - 1  1 ' '  . V N ]  J ) - J  S . i r i . j  1  • i.K . • l l l ' . - . ' M . i l . A I  • •  . . M '  . 1  ! <  M i l l  . 1  i . |  M  / v . .  
-
I  l h U \ W  • 1  < . . 1  I ' l  1  1  .  I N t V l A H l  A  l l A l  .  .  I l l  M  - i V l M l  l i - l . . l i  '  t l l l U l  1  M  
A  
Y H  i . i  
• 
V I  i K V H V l ' i .  
I  I  I K  
H  J ,  
I '  1  1  "  
t  A  
I ' . V  A V I .  
J  n  
I  
r i i w  " . Y  
f  
( 1 1  
• • • • 
V I  M I  v V i r i h i A f  
I  f !  »  . . i ,  
1  1  
.  M -
K  
i l  I ' . W  
J  I  ] 1  . A  
• • 
1  
) 
t  
A  1 1 1 .  
• • 
t  .  J .  1  N ; .  
i  
• H N  
1 '  
. .  I l l M  - i l  ^  
I  
1  
N N U A i  
T V  
I S  - V I l  V  l U - v n i  V I  I  j ; ;  - X  1  I  I I  I  I S - X !  I V  i i 3 - x n  I H - X l 1 1  m - x i v  
Isoamylase consensus 
66 
mature rice RE begins with the Aia-Val sequence located at predicted residues 75-76 
(Nakamura et al.. 1996a). This sequence is conserved in ZPUl. also at predicted residues 75-
76 (Figure lb), suggesting that the preceding 74 residues constitute a transit peptide for 
protein targeting. ZPU1 also shows extensive similarity to a pullulanase-type DBE from 
spinach leaves (Genbank accession no. X83969); in this instance the proteins display 59% 
identity among 882 aligned residues with no gaps (data not shown). 
Sequence motifs conserved in puilulanases and isoamylases 
Further sequence comparisons among plant and bacterial a-( I ->6) glucan hydrolases 
indicate that the pullulanase- and isoamylase- type DBEs have been conserved separately in 
evolution. The high degree of conservation in plants among pullulanase-type DBEs also 
occurs among the plant isoamylases: the maize isoamylase-type DBE SUl is 71% identical 
over 690 aligned residues to an Arabidopsis protein predicted from genomic sequence data 
(Genbank accession no. .A.F002109; data not shown). Each plant DBE. however, is more 
similar to bacterial enzymes of the same class than to the plant en2:yme of the other class. 
For example, in the 200-residue span of ZPU 1 and SU1 that is most similar. 32% of the 
amino acids are identical. Within the same 200 aligned residues, however. ZPUl is 46% 
identical to pullulanase from Klebsiella aerogenes and SU 1 is 47% identical to Pseudomonas 
amyloderamosa isoamylase (data not shown). These observations suggest that isoamylases 
and puilulanases diverged prior to establishment of the plant kingdom, and that the function 
of each type of DBE has been selected independently during the evolution of plants. 
Comparison of the entire ZPU 1 sequence to 18 other known or predicted isoamylases 
and puilulanases from plants and prokaryotes supported the preceding conclusion. As noted 
previously, both types of DBE contain all four regions (motifs I - IV) conserved within the 
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a-amylase superfamily of starch hydrolytic enzymes ( Jesperson et al.. 1993: James et al.. 
1995; Nakamura et al.. 1996a ; Nakamura et al.. 1997). Two additional conserved sequence 
blocks, designated motifs V and VI. are identified here that occur in all DBEs examined, 
whether they fail within the isoamylase- or pullulanase class (Figure 2). Among these six 
common motifs. 20 residues are conserved in each of the 19 DBEs analyzed. Class-specific 
conserved sequence blocks also were identified (Figure 2). Enzymes grouped in the 
pullulanase class contain five conserved regions that are not found in the isoamylases. 
Similarly, eight motifs conserved among the isoamylases do not occur in the pullulanases. 
Mapping of zpul within the maize genome 
DNA gel blot analysis of genomic DNA from maize inbred W64A revealed that the 
rpz// locus is unique within the maize genome. Restriction enzymes that do not cleave the 
Zpul cDNA were utilized, and the 2.3 kb £coRI fragment of the cDNA containing codons 
160-930 (Figure 1) was used as a hybridization probe (designated probe EE2.3). The probe 
hybridized to a unique Kpnl genomic fragment (Figure 3). indicating that zpul is a single-
copy gene. To support this conclusion, the blot was stripped of probe and re-hybridized with 
a smaller portion of the Zpul cDNA. the 680 bp EcoRL/Hindlll firagment comprising codons 
160-387 (designated probe EH.68; Figure 1). In this analysis, unique genomic firagments 
were identified using six different restriction enzymes (Figure 3). 
The zpul locus was mapped to chromosome 2 (Burr et al.. 1994). Probe EE2.3 
(Figure 1) was used to identify RPLPs in two populations of recombinant inbreds (RJ). 
Polymorphisms in the two sets of parental inbreds were detected by digestion with £coRI, 
which produced Zpul-homologous fragments of 4.3 kb and 3.0 kb in line CM37. 5.2 kb in 
line T232, 5.4 kb and 4.3 kb in line Tx303, and 5.0 kb and 3.9 kb in line C0159 (data not 
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kb 
9.5-
6.6-
4.3" 
Probe EE2.3 Probe EH.68 
Figure 3. Detection of the zpul gene in maize genomic DNA. The copy number of the zpul 
locus was determined by gel blot analysis of genomic DNA. DNA from maize 
inbred W64A was digested with the indicated restriction enzymes (B. BamHl: K. 
Kpnl: N, Notl\ P. Psth S. Sst\\ X. XbaV, Xh. XhoV). The gel blot was hybridized at 
high stringency with probe EE2.3 (left panel), then stripped of probe and 
hybridized wiiii probe EH.68 of the Zpul cDNA (right panel). 
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shown). The detection of more than one band in three lines is most likely due to the presence 
of an internal £coRI site in the zpul locus, given that each pair of bands was inherited as a 
single allele. Identification of the parental allele in individual plants of the CM37xT232 and 
Tx303xC0159 RJ populations enabled determination of genetic linkage to previously 
mapped physical markers using the program MAPMAKER (Lander et al.. 1987). These 
linkage data placed zpui approximately 2.7 cM from marker accA and 1.2 cM from marker 
ppsl5 in the Tx303xCOl59 RJ population, with a LOD score of 9.4. Very similar results 
were obtained with the CM37xT232 population, with zpul mapping approximately 2.5 cM 
fromaccAand 1.1 cM from marker isul42. with a LOD score of II.4 Thus.zpul was 
localized to the region of Bin 2.05 - 2.06 (Gardiner et al.. 1993). although specific placement 
to either the short or long arm of the chromosome could not be made. 
Tissue and developmental expression of Zpul mRNA 
The tissues in which Zpul mRNA accumulates were identified by RNA gel blot 
analysis. Total RNAs isolated from maize embryos, developing endosperm, leaves, roots, 
and tassels were separated by gel electrophoresis and hybridized with probe EE2.3. A 
transcript of approximately 3.2 kb was abundant in endosperm from kernels harvested 
20 DAP. and was weakly expressed in both the embryo and tassel tissues (Figure 4a). 
Transcript was not detected in leaf or root tissue, indicating that Zpul expression is specific 
to the reproductive tissues of the plant. The 3.2 kb size of the transcript matches the length 
of the cloned cDNA, providing further confirmation that the clone is nearly full length. 
Probe EE2.3 also identified a smaller-sized transcript of approximately 1.4 kb that 
corresponded on all RNA blots with accumulation of the larger transcript. The identity of the 
1.4 kb transcript is not known at this time. Although the RNAs detected by the Zpul probe 
Figure 4. Steady-state levels of Zpul mRNA. Total RNAs from various sources were 
hybridized with probe EE2.3. The RNAs as they appeared in the EtBr-stained 
gel prior to transfer are shown to indicate RNA integrity and loading 
differences, a, RNAs from embryo (Em) and endosperm (En) harvested 20 
DAP. seedling leaves (L), immature root (R), and immature tassel (T). b. 
RNAs from maize endosperm harvested at various times post-pollination, c. 
RNAs from nonmutant and sul-Ref mutant kernels harvested 20 DAP. 
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migrate at nearly the same rate as the ribosomal RNAs. the signal does not result from non­
specific binding because the rRNAs are equally abundant in all samples, whereas the Zpul 
transcript is tissue specific. 
Zpul mRNA levels over the time course of endosperm development also were 
determined. Total RNAs isolated from wild-type kernels at 7. 12. 14. 18. 20. 26. and 
30 DAP were analyzed. Zpul mRNA was shown to be weakly expressed at 12 and 14 DAP. 
but strongly and uniformly expressed from 18 to at least 32 DAP (Figure 4b). 
Immunologicai detection and purification of DBE activities from developing maize 
kernels 
ZPU1 was detected in soluble kernel extracts by immunological methods. A 
polyclonal antiserum. anti-ZPUl. was raised in rabbits against the 770 residues of ZPU 1 
derived from codons 160 - 930. Anti-ZPUl detected a polypeptide of approximately 100 kD 
among proteins from crude extracts of wild-type kernels (data not shown) and in specific 
fractions thereof (Figure 5a). The apparent size of this protein corresponds with that 
predicted by the Zpul cDNA. Thus. ZPUl is present in developing kernels, presumably in 
endosperm cells where the Zpul transcript level was highest (Figure 4a). 
The product of the Zpul cDNA cofractionated with a pullulanase activity purified 
from extracts of developing maize kernels, thereby confirming the identity of ZPU 1 as a 
pullulanase-type DBE. The DBE activities present in the 40% ammonium sulfate precipitate 
from extracts of nonmutant kernels harvested 20 DAP were separated by anion exchange 
chromatography on Q Sepharose (Figure 5a). Pullulanase activity was assayed by measuring 
increases in reducing sugar concentrations after incubation of the substrate pullulan with 
protein fractions. DBE activity also was determined by increased reducing value 
Figure 5. DBE purification, a. Q Sepharose chromatography. Fractions eluted from the 
column were assayed for DBE activity using pullulan (open circles) or 
amylopectin (solid squares) as substrate. Products of the amylopectin reaction 
were complexed with iodine, and the change in A550 value relative to untreated 
substrate was plotted (open triangles). Activity units for the amylopectin 
digestion are |ig maltose equivalents produced after a 2 hour incubation of 
substrate with 100 |al of protein fraction. Activity units for the pullulan 
digestion are |ag maltotriose equivalents produced after a 2 hour incubation of 
substrate with 50 |il of protein fraction. Fractions with DBE activity were 
subjected to immunoblot analysis with anti-ZPUl or anti-SUl antiserum, as 
indicated (lower panels), b. Gel filtration chromatography. The peak fractions 
of pullulanase activity from Q Sepharose columns were pooled, concentrated, 
and applied to a Sephacryl S-200 superfine gel permeation column. DBE 
activity in fractions eluted from this colunm was assayed using pullulan as the 
substrate; activity units are as described for a. Fractions also were assayed for 
the presence of ZPUl by immunoblot analysis (lower panels), c. .Mono Q 
chromatography. The peak fractions of pullulanase activity from the Sephacryl 
S-200 column were pooled, concentrated, and applied to a Pharmacia FPLC 
Mono Q column. DBE activity in fractions eluted from this column was 
assayed using pullulan as the substrate; activity units are as described for a. 
Fractions were assayed for the presence of ZPUl in immunoblots (lower 
panels), d. Affinity chromatography. The peak fractions of pullulanase 
activity from Q Sepharose columns were pooled, concentrated, and applied to a 
column containing epo.xy-activated Sepharose conjugated with 
cyclomaltohexaose. DBE activity in the four fractions eluted from this column 
was assayed using pullulan as the substrate; activity units are as described for 
a. Proteins from two of the fractions were separated by SDS-PAGE and the 
gel was Coomassie, and a duplicate gel was subjected to immunoblot analysis 
with anti-ZPU 1 (lower panels). 
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measurements utilizing amylopectin as the substrate, and by changes in the Asso value of the 
glucan-iodine complexes formed after incubating amylopectin with the protein fractions. 
Owing to substrate specificity, the assays using pullulan were expected to detect only 
pullulanases. whereas the amylopectin assays could identify either isoamylase- or 
pullulanase-type DBEs. 
One peak of DBE activity was observed using pullulan as the substrate, and two 
peaks were observed with amylopectin as the substrate, one of which coincided with the 
pullulanase peak (Figure 5a). Immunoblot analysis using anti-ZPUl or anti-SUl (Rahman et 
al.. 1998) was employed to determine whether ZPUl or SUl could be correlated with either 
activity. ZPU 1 was identified only in the fractions exhibiting pullulanase activity', whereas 
SUl was present only in those DBE fractions that comprised the second peak of activity 
toward amylopectin (Figure 5a). i.e.. each activity peak yielded a positive immunoblot signal 
with only one of the two antisera. This analysis provided a clear distinction between the 
pullulanase and isoamylase activities in developing maize kernels, and identified the 
particular DBE responsible for each activity peak. Thus, the sul gene product was identified 
specifically as an isoamylase active in developing kernels, and the zpul gene product was 
identified specifically as an active pullulanase in the same tissue. The increased A550 of the 
glucan-iodine complex (blue value) obtained after amylopectin digestion (Figure 5a) 
indicates that a DBE. as opposed to contaminating a-amylase activity, is responsible for the 
increased reducing value in the peak assigned as isoamylase (fractions 42 - 49). 
Contaminating a-amylase activity can also be excluded as the cause of the peak assigned as 
pullulanase (ft^ctions 25 - 32). because the former enzyme does not hydrolyze pullulan. 
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Pullulanase activity was further purified by gel filtration chromatography followed by 
another anion exchange chromatography step. Q Sepharose fractions that displayed 
pullulanase activity were pooled and separated on the basis of size using Sephacryl S-200 
chromatography. Assays of these fractions identified a pullulanase activity, and immimoblot 
analysis revealed that ZPUl again cofractionated with the activity peak (Figure 5b). The 
enzyme was further purified by anion exchange chromatography on a Mono Q column: once 
again. ZPUl cofractionated with the purified pullulanase (Figure 5c). 
Measurements of the pullulanase activity following the anion-exchange and gel 
permeation chromatography steps ("Purification A") are presented in Table 1. Specific 
activity increased with each round of purification, resulting in a 100-fold purification of the 
enzyme from the ammonium sulfate precipitate. This purification stage was used as the 
baseline because contaminating hydrolases have been shown by others to elevate artificially 
the apparent pullulanase activity in crude extracts (Lee et al.. 1971: .Maeda et al.. 1978). 
A fiirther purification of the pullulanase enzyme was achieved by means of affinity 
chromatography (Figure 5d). Q Sepharose fractions that exhibited pullulanase activity 
(Figure 5a) were pooled and the proteins separated on the basis of their affinity for 
cyclomaltohe.xaose Sepharose ("Purification B"). SDS-PAGE and silver staining of the 
proteins in the eluted fractions revealed one band of -100 kD. which co-eluted with 
pullulanase activity. This protein was identified as ZPUI by immunoblot analysis (Figure 
5d). The Q Sepharose and affinity chromatography steps resulted in a 200-fold purification 
of ZPUl (Table 1), again using the ammonium sulfate precipitate as the baseline. The fact 
that ZPUl was the only protein present in the most pure enzyme preparation provides 
definitive evidence that ZPUl and the purified DBE are one and the same. 
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Table 1. Purification ZPUl' 
Step Total Total Specific Piirification Recovery 
protein activity activity (fold) (%) 
(mg) (unit)'' (U/mg) 
Purification A 
Crude extract (endosperm) 328 6.56 0.02 ND*^ 
.A.mmonium Sulfate (40%) 146 1.46 0.01 1 100 
Q Sepharose 17 0.85 0.05 5 58.20 
Sephacryl S-200 3 0.75 0.25 25 51.40 
MonoQ 0.01 0.10 1.00 100 0.68 
Purification B 
Crude extract (kernels) 288 20.16 0.07 ND*^ 
-Ammonium sulfate (40%) 104 2.09 0.02 1 100 
Q Sepharose 4 0.42 0.11 5.5 20.10 
Cyclomaitohexaose 0.06 0.24 3.99 199.5 11.40 
^ Total and specific activities are apparent values, because contaminating 
hydrolytic enzyTnes may cleave the substrates or products of the assay reactions. 
'' Units are fxmol maltotriose equivalents min"'. 
Not determined, due to potential inaccuracy resulting fi-om contaminating 
hydrolases. 
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Accumulation of ZPUl protein and Zpul mRNA in nonmutant and sul- mutant 
kernels 
The previous finding that one or more pullulanase activities are greatly reduced in 
sul- mutants (Pan and Nelson. 1984) prompted further characterization of the DBE activities 
in sul-Refmnxzni kernels harvested 20 DAP. Proteins from nonmutant and mutant kernels 
were separated on the basis of size using Sephacryl S-200 chromatography. Pullulanase 
activity was assayed by measuring hydrolysis of pullulan. and isoamylase activity was 
assayed by blue value determinations. As expected from the Q Sepharose fractionations 
(Figure 5a). distinct peaks of activity were observed for each DBE in analysis of the 
nonmutant extracts (Figure 6a). Immunoblot analyses again confirmed that the pullulanase 
activity corresponded with ZPU1 and the isoamylase activity corresponded with SU1 (Figure 
6a). Both peaks of DBE activity reduced in eh sul- mutant. Immunoblot analyses of the 
protein fractions from both genotypes were performed under identical conditions. The 
pullulanase and isoamylase activities affected by 5w/-/?e/corresponded with significantly 
reduced accumulation of the ZPUl and SUl proteins, respectively (Figure 6b). .A functional 
gene at the sul locus, therefore, is required for both ZPUl and SUl to accumulate to normal 
levels. 
To investigate whether the effect of sul- mutations on ZPUl expression occurs at the 
level of transcription, the steady-state level of Zpul mRNA was compared in nonmutant and 
suJ-Ref mutant kernels harvested 20 DAP. Full-length Zpul transcripts were approximately 
equal in both size and abundance in the nonmutant and mutant kernels (Figure 4c). Thus, a 
post-transcriptional mechanism is most likely responsible for the coordinate regulation of the 
SUl and ZPUl DBEs. 
Figure 6. Fractionation of DBEs from nonmutant and 5«/-/?ey"kemels by gel permeation 
chromatography. Proteins isolated from nonmutant and sul -Refmuxant 
kernels harvested 20 DAP were applied to a Sephacryl S-200 superfine gel 
permeation column. Fractions were assayed for pullulanase by measuring 
formation of new reducing ends after incubation with pullulan (activity units; 
solid boxes), and for isoamylase activity by determination of iodine complex 
absorbance maxima after incubation with amylopectin (A550, open boxes). 
Fractions exhibiting DBE activity were assayed for the presence of ZPU1 or 
SU1 bv immimoblot analvsis with the indicated antisera. 
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Discussion 
TTiis study identified the specific genetic elements responsible for each of two distinct 
DBE activities in developing maize endosperm tissue, extending the analysis of DBE 
activities described previously by Doehlert and Knutson (1991). Activities of both 
isoamylase- and pullulanase-type DBEs were purified firom developing maize kernels. The 
pullulanase activity corresponds with the product of the gene zpul identified in this report, 
and the isoamylase activity corresponds to the product of the sul gene. In a previous study, 
recombinant expression of sul produced an active isoamylase-type DBE (Rahman et al.. 
1998). Taken together these data clarify the cast of DBEs present in maize endosperm cells: 
zpul codes for a pullulanase-type DBE. sul codes for an isoamylase-type DBE. and both 
enz>'mes are present in endosperm tissue during the time that starch granules are being 
produced. 
Two lines of evidence support the conclusion that ZPUl is a pullulanase-t\pe DBE. 
First, the polypeptide predicted by the Zpul cDNA is highly similar in sequence to ail known 
bacterial and plant pullulanase enzymes, and particularly to the well characterized rice RE 
(Figures 1 and 2) (Nakamura et al.. 1996a). Second, antibodies raised against the Zpul 
product detected an endosperm protein that cofractionated with pullulanase activity in four 
different chromatography purification steps (Figures 5 and 6). Following a nearly 200-fold 
purification of the pullulanase activity, the 100 kJD protein that reacts with anti-ZPU 1 appear 
to be the only polypeptide present in the fraction. As expected from this conclusion. Zpul 
mRNA accumulates in endosperm tissue during the starch biosynthetic period (Figure 4b). 
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Zpul mRNA is expressed predominantly in endosperm. The small amount of 
transcript observed in embryo could indicate a role for the pullulanase in embryo starch 
metabolism or. alternatively, might result from endosperm contamination of the tissue 
sample. Small amounts of Zpul transcript were detected in tassel, possibly indicating a role 
in pollen starch metabolism. The fact that Zpul transcript was not detected in leaves is 
significant because pullulanase-type DBEs have been characterized in photosynthetic tissue 
from several species ( Okita and Preiss. 1980: Li et al.. 1992: Ghiena et al.. 1993). 
Presuming that one or more pullulanases are present in maize leaves, then they must be 
coded for by genes other than zpul. 
Presence of both isoamylase- and pullulanase-types of DBEs may be a general feature 
of tissues that produce storage starch. Both enzymes have been reported in developing maize 
kernels (Doehlert and Knutson. 1991) and potato tubers (Drummond et al.. 1970: Ishizaki et 
al.. 1983). In a recent study, pea embrv'os were found to possess two distinct 
pullulanase-type DBEs in addition to an isoamylase (Zhu et al.. 1998). From the fact that 
both zpul and sul are highly conserved within the plant kingdom, we speculate that most 
starch-producing sink tissues contain flmctionaJ homologs of the DBEs coded for by these 
two maize genes. 
Two possibilities can be envisioned for the function of ZPU1. The simplest 
explanation is that this DBE hydrolyzes storage starch during seed germination. Even though 
ZPUl is expressed during starch biosynthesis, it might accumulate in an inactive form and be 
restricted from action until after germination. Such restriction, however, would have to occur 
even though the enzyme is catalytically active in cell extracts. A second and more likely 
explanation is that ZPUl fiinctions directly in starch biosynthesis, possibly providing an 
editing function during incorporation of branch linkages. Such a function has been proposed 
for SUl isoamylase (Ball et al.. 1996), based on the fact that sul- mutations result in 
production of an overly-branched polysaccharide (Sumner and Somers. 1944). Mutations of 
zpul are not known; however, now that the cDNA sequence is available, reverse genetic 
strategies can be employed to identify a mutant allele. Such a mutation could be used in turn 
to examine whether ZPU1 is needed for normal starch biosynthesis. 
Previous studies showed that a pullulanase activity is deficient in maize endosperm 
homozygous for the suI-Refmnxzt\on (Pan and Nelson. 1984). The current smdy. however, 
together with characterization of recombinant SUl (Rahman et al.. 1998), demonstrates 
unequivocally that Sul does not code for a pullulanase but instead specifies an 
isoamylase-type DBE. The loss of pullulanase activity in sul- mutants, therefore, must be 
explained by a pleiotropic effect. This report shows that some or all of the pullulanase 
enz\'me afTected pleiotropically by sul- mutations is ZPU 1. Pan and Nelson (1984) 
identified three peaks of pullulanase activity in hydroxyapatite columns, all of which were 
affected to some extent by the iw/-^ey"mutation. Further analysis is required to determine 
whether all three peaks are attributable to zpul or. alternatively, if additional pullulanase-t\pe 
DBEs exist in maize endosperm. 
The pleiotropic effect of sul- mutations on zpul gene expression could occur at either 
the transcriptional or post-transcriptional level. Transcriptional mechanisms regulating 
starch biosynthetic gene expression have been demonstrated previously for sugar-
accumulating mutants of maize (Giroux et al.. 1994). The finding that Zpul transcription is 
normal in sul- mutant kernels, however, rules out transcriptional regulation as an explanation 
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for the ZPU1 deficiency. Thus, a post-transcriptional mechanism must be responsible for the 
effects of.«//- mutations on ZPUl expression. 
-A. possible explanation for the coordinate regulation of SUI and ZPU 1 could involve 
participation of the two DBEs in an enzvine complex that confers stability on each member. 
According to this model, the loss of one member of the complex leads to destabilization of 
the remaining proteins. Observation of SUl isoamylase and ZPUl pullulanase activities in 
distinct chromatographic fractions makes this model less plausible, although the possibilitv" 
remains that the complex dissociates upon cell lysis or during fractionation. Another 
possibility, which does not require SUl-ZPUl interaction at the protein level, is that loss of 
the isoamylase results in an altered concentration or form of the preferred substrate for the 
pullulanase. This effect could render the ZPU 1 protein unstable. In any event, coordinate 
regulation of the two types of DBE in maize endosperm cells is suggestive of a cooperative 
fianction. From the timing of gene expression and the effects of sul- mutations on starch 
structure, we suggest that SU 1 and ZPU I cooperate to play a direct role in the biosynthesis of 
amylopectin. 
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CHAPTER 4. PURIFICATION AND CHARACTERIZATION OF SUl 
ISOAMYLASE FROM MAIZE ENDOSPERM 
A paper in preparation for submission to Plant Physiology 
Afroza Rahman, Alan M. Myers, and Martha G. James 
Abstract 
This study characterized an isoamylase-type starch debranching enzyme (DBE) from 
maize endosperm. At least tvvo DBEs are present during starch biosynthesis, and a mutation 
that alters their expression results in abnormal polyglucan structure. DBEs. therefore, are 
required for normal starch biosynthesis, although their precise roles in this process are 
unknown. This report describes purification of a specific DBE firom developing maize 
endosperm to apparent homogeneitv". This enzyme is recognized by antibodies raised against 
SUl isoamylase. the product of the sul gene. Amino acid sequence analysis identified the 
mature N terminus of this protein. The N terminal sequence corresponded exactly with 
amino acids 50-59 deduced from the Sul  cDNA sequence.  The molecular  weight  of  SUl 
isoamylase was found by gel permeation chromatography to be greater than 670.000 Da. The 
intact enzyme, therefore, is a multimer. because the molecular weight of the SUl isoamylase 
monomer polypeptide is approximately 81,000 Da. Using the yeast two-hybrid system, 
different copies of the SUl isoamylase polypeptide were shown to be capable of binding to 
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each other. Thus. SU1 isoamyiase holoen2yme is likely to be a homcmultimer or contain 
multiple copies of the sul gene product. 
Introduction 
Plants are known to contain multiple starch debranching enzvines (DBE). which 
hydrolyze a( l->6) branch linkages within glucose homopolymers (Doehlert and Knutson. 
1991; Nakamura, 1996; Smith et al.. 1997). DBE activity is expected during seed 
germination when starch is degraded and utilized as a carbon source. Active DBEs. however, 
are also known to accumulate in endosperm tissue during the period of starch biosynthesis 
(Doehlert and Knutson. 1991). which is inconsistent with a role exculsively in starch 
utilization. DBEs, therefore, may ftmction also in the biosynthesis of glucose homopolymers. 
At least two DBEs are present in developing endosperm, which can be distinguished by their 
enzymatic characteristics. DBEs of the pullulanase class digest amylopectin and pullulan 
readily but have little or no activity on glycogen. On the other hand, isoamylase-type DBEs 
hydrolyze amylopectin and glycogen but can not hydrolyze pullulan (Lee and Whelan. 1971). 
Doehlert and Knutson (1991) identified one peak of pullulanse-type DBE activity and two 
peaks of isoamylase-type DBE activity in extracts of developing endosperm tissue. 
A critical aspect of the structure of plant starch is the spatial distribution of a( 1 ->6) 
branch linkages that connect linear, i.e., a( 1 ->4)-linked. chains of glucose monomers. Within 
the amylopectin component of starch, branch linkages are thought to be clustered near each 
other in "amorphous lamellae", and these regions are separated by densely packed regions, 
i.e., "crystalline lamellae", that are devoid of branch linkages. Presumably, the starch 
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synthases (SS) and starch branching enzymes (BE) that synthesize amylopectin are 
responsible for this non-random distribution of chemical bonds, however, the mechanisms by 
which such architectural specificity is attained are not known. A possible explanation for the 
presence of DBEs during starch biosynthesis is that they function in formation ot the branch 
linkage clusters. The role of DBEs in this process, for example, could be to provide an 
editing function that removed branch linkages introduced by a BE in an inappropriate 
position (Ball et al.. 1996). 
Analysis of the maize gene sugary I (sul) provided addtional observations consistent 
with the hypothesis that the DBEs present during kernel development are involved in starch 
biosynthesis. Mutations of sul significantly alters the storage carbohydrate composition in 
maize kemels (Correns. 1901: Vanderslice and Garwood. 1978). Immature sul kernels 
accumulate sucrose and other simple sugars as well as the water-soluble polysaccharide 
phytoglycogen (Black et al.. 1966: Evensen and Boyer. 1986; Garwood and Creech. 1972). 
The glucose polymer. phyioglycogen. is highly branched (approximately 8 to 10% branched 
linkages) and lacks the packed crystalline helices of amylopectin (Gunja-Smith et al.. 1970: 
Yun and Matheson. 1993: Alonso et al.. 1995). Biochemical analysis has revealed that sul-
mutants are deficient in the activity of a specific DBE (Pan and Nelson. 1984). This fact 
correlated with the accumulation of the phytoglycogen in sul-mutant kernels, suggests that 
the DBE participates in the final structure determination of amylopectin. Similar evidence is 
available from sugary mutants of rice and the STA-~ mutants of Chlamydomonas reinhardtii, 
all of which accumulate phytoglycogen and also are deficient in the activity of a DBE 
(Mouille et al., I996a,b: Nakamura et al.. 1996a.b). 
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The sugary 1 gene of maize was cloned by transposon tagging (James et al.. 1995). 
Deduced amino acid sequence similarity suggests that SU1 belongs to the a-amylase 
superfamily of starch hydrolytic enzymes: this family includes enzymes like a-amylase. 
cyclomaltodextrinase. branching enzymes, debranching enzymes etc. from a variety of 
species (Svensson. 1988; MacGregor and Svensson. 1989). SUl has the characteristic (p/ajg 
barrel structure and the conserved sequence blocks observed in a-amylase superfamily 
enzymes. Among these enzymes. SUl is most closely related to the debranching enzyme 
subfamily, which strongly suggests that SU 1 codes for a debranching enzyme. The SU 1 
cDNA was expressed in E. coli and the recombinant protein SUlr was characterized as a 
DBE of isoamylase-type. 
This study provides turther characterization of the DBEs present in maize endosperm 
during the period of starch biosynthesis. .Aii isoamylase-type DBE was purified from 
endosperm extracts  to apparant  homogeneity.  This  enzyme was shown to be SUl 
isoamylase. the product of the sul gene, by immunological characterization and amino acid 
sequence analysis. The enzyme was shown to be a multimeric. most likely a homomultimer. 
and direct binding between SU 1 isoamylase monomers was demonstrated. The facts that 
sul- mutations affect branch linkage formation in starch, and that Sul codes for an active 
DBE present in developing endosperm, supports the hypothesis that DBEs play a direct role 
in starch biosyntheis. 
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Materials and Methods 
Fractionation of debranching enzyme activities from maize endosperms 
Crude extract preparation and ammonium sulfate precipitation. Kernels were 
harvested 20 days after pollination (DAP). Endosperm tissues were separated from pericarp 
and embryos, quickly frozen in liquid nitrogen, and stored at -80°C. Approximately. 25g of 
frozen endosperm tissues were pulverized in liquid nitrogen, then stirred overnight at 4°C in 
50ml extract ion buffer  (50 mM Hepes-NaOH. pH 7.5.  10 mM EDTA. 5mM DTT. ImM 
PMSF. 0.5 ml per g tissue protease inhibitor cocktail [Sigma no. 2714]). The suspension was 
centrifiaged at 39.000xg for 20 min. The debris was extracted once more with 10 ml 
extraction buffer, and centrifliged at 39.000xg for 20 min. The pooled supernatant was 
filtered through four layers of Miracloth and centrifliged again under the same conditions. 
The supernatant was then passed through a 0.45 |im syringe filter to yield the crude 
endosperm extract. This solution was made upto 40 % ammonium sulfate and stirred for 1 hr 
at 4°C. Precipitated proteins were collected by centrifiigation at 16.000xg for 20 min. 
suspended in 30 ml of buffer A (50 mM Hepes-NaOH. pH 7.5. 10 mM EDTA. 5 mM DTT. 
5% glycerol), and dialv'zed ovemight at 4°C in 1 liter of the same buffer. 
Anion-exchange chromatography. The dialyzed protein solution was centrifliged at 
lO.OOOxg for 15 min. and the supernatant was passed through a 0.45 (im syringe filter. The 
solution was then applied to a pre-equilibrated Q Sepharose Fast Flow column (Pharmacia; 
1.5 cm X 46 cm colunm. 80 ml bed volume; approximately 1.3 mg of protein loaded ml"' bed 
volume). After washing the colunm with 700 ml of buffer A, bound proteins were eluted 
with a linear, 800 mi gradient of 0 to 1M NaCl in buffer A. Fractions (8 ml) were assayed for 
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debranching enzyme activities as described later in this section. Fractions containing 
debranching en2yme activities were concentrated approximately 80 fold using an UltrafTee-4 
centrifugal filter unit concentrator (Millipore. NMW. I Ok), pooled, made up to 50% in 
glycerol, quickly frozen in liquid nitrogen, and stored at -80°C. 
Isolation of SU1 from maize endosperm 
Gel filtration chromatography. The pooled SU 1 fractions from the Q Sepharose 
column were next applied to a Sephacryl S-200 superfine gel permeation column (Pharmacia; 
2.5 cm X 90 cm column. 440 ml bed volume and eluted with the equilibration buffer (10 mM 
Hepes-NaOH. pH 7.5. 5 mM DTT. 5 mM MgCh) at a flow rate of 0.5 ml min"'. Fractions 
(7.5 ml) with SUl activities were concentrated as above and then pooled. 
Mono Q column chromatography. The pooled SU 1 fractions from the gel filtration 
column were diluted to 6 ml with buffer A and then loaded onto a pre-equilibrated Mono Q 
column (Pharmacia. I ml resin bed volume, and 5 mg of protein was loaded). The column 
was washed with 25 ml of buffer A and was eluted with a linear. 80 ml gradient of 0 to 1 M 
NaCl in buffer A. 
Affinity chromatography. The affinit\- matrix, soluble starch-Sepharose was 
prepared by conjugating soluble starch from potato (Sigma) to epoxy-activated Sepharose 6B 
(Sigma), according to Vretblad (1974). For affmity purification of SU 1. - 0.5 mg of protein 
was mixed with ~ 1 mi of soluble starch-Sepharose (pre-equilibrated with 50 mM MES. pH 
6.0. 5 mM DTT) on an aliquot shaker for 2 hrs at 4°C. After removing the unbound proteins 
by washing the matrix with the equilibration buffer. SU 1 was eluted with 1 mg / ml 
maltotriose in the same buffer. 
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Debranching enzyme assays 
For isoamylase assays. 100 ^1 of each column fraction was incubated in a total 
volume of 0.2 ml containing 5 mg amylopectin (Sigma), 50 mM Hepes-NaOH. pH 7.0. for 
2 hr at 30°C. .A. 50 fil aliquot of each reaction was mixed with 700 ^1 of HiO and 250 |xl of 
0.01 M I2/O.5 M KI solution. The change in A550 was measured using a blank amylopectin 
reaction lacking protein as the reference. To measure reducing equivalent formation the 
reactions were inactivated by mixing a 50 ^1 aliquot of each reaction with 25 of 1 M 
Na^COs- Reducing equivalents were determined as described by Fox and Robyt (1991) using 
maltose as the standard. Determinations of specific activities were made on pooled flections 
from each purification step. Aliquots were assayed after 0 min. 15 min. 30 min, and Ihr 
reaction times to demonstrate a linear increase in activity'. 
SDS-PAGE and immunoblot analysis 
Proteins in concentrated fractions were separated by SDS-PAGE in 6% gels and 
transferred to nitrocellulose membranes according to standard procedures (Ausubel et al.. 
1989; Sambrook et al.. 1989). Immunodetection was modified from the ECL protocol 
(Amersham Life Sciences) as previously described (Rahman et al.. 1998a). utilizing affinity -
purified anti-SUl antibody diluted 1:200 in blocking solution, or crude anti-zPUl antiserum 
diluted 1:25.000 in blocking solution. Silver-staining of the gel was performed as described 
by Sambrook et al. (1989). 
Sequencing of the N-terminus of SUl 
A portion of the pooled SUl peak ft^ictions from the Mono Q column was separated 
on a 6% SDS-polyacrylamide preparative gel, and blotted onto a PVDF membrane (Bio-Rad) 
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according to the manufacturer's protocol. The blot was stained with Coomassie brilliant blue 
and destained with 50 percent methanol solution. The band corresponding to SU1 was cut 
out and subjected to N-terminal sequencing in the Protein Facility of Iowa State University. 
Construction of two-hybrid vectors 
Plasmids pGAD-C2-SU I and pGBD-C2-SU 1 were constructed to analyze the 
multimeric structure of SU 1 (Figure I). These plasmids contain the nearly full-length Sul 
cDNA (nucleotides 202 - 2529) as in-frame fiisions with the 3' ends of the activation and 
binding domains of the transcription factor Gal4. respectively. Plasmids pAR7 and pAR8 
were constructed by first cleaving the plasmids. pGAD-C2 and pGBD-C2 (James et al.. 
1996) with Sma\ and then ligating the Nco\ linkers to the blunt ends produced. The .Vcol-
Xho\ fragment from the plasmid pAR4 (Rahman et al., 1998a) was then subcloned into the 
Ncol-SaR sites of the plasmids pAR7 and pARS. 
Determination of relative molecular mass of SU 1 
Molecular mass (Mr) of SUl was determined from a 1x60 cm analytical Sephacryl S-
200 HR column equilibrated and eluted with the chromatography buffer (10 mM Hepes 
NaOH. pH 7. 5 mM MgCli and 5 mM DTT). Elution of SUl was followed by measuring 
activity in the column fractions using the b-staining assay. Standard proteins used to calibrate 
the coltimn were bovine thyroglobulin (670.000), bovine gamma globulin (158,000), chicken 
ovalbumin (44.000), horse myoglobin (17.000) and vitamin B-12 (1,350) (Bio-Rad). 
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-Vcol 5a/I 
pGAD - C2 / pGBD - C2 
GAL4 
AD/BD 
Figure 1. Sugary I two-hybrid constructs 
Results 
Purification of an isoamylase-type DBE from maize endosperm 
A previous study reported purification from developing maize endosperm cells of 
zPUl. a pullulanase type DBE (Rahman et al.. 1998b). In that purification two peaks of DBE 
activity were observed when proteins in the 40% ammonium sulfate pellet were separated by 
anion exchange chromatography on Q Sepharose. One of these peaks was accounted for by 
zPUl. and the second was identified as an isoamylase-t>pe DBE because of its ability to 
hydrolyze amylopectin and its inability to hydrolyze pullulan. Hydrolysis of a(l->4)-linkages 
in the amylopectin substrate was ruled out by the facts that I) pullulan was not affected, and 
2) the blue value of the glucan after treatment with the enzyme fraction was increased. This 
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latter observation is consistent with reduction in branch linkage frequency by a( l-»6) linkage 
hydrolysis, but not with shortening of glucan chains by cleavage of a( l-»4) bonds. In the 
current study this isoamylase from developing maize endosperm was flirther purified. 
Two protocols were used for isolation of the isoamylase-tvpe DBE. referred to purifications 
.A. and B. In purification A. Q Sepharose fractions containing isoamylase activity (Rahman et 
al.. 1998b) were pooled, and the proteins therein were fractionated ftirther by gel permeation 
chromatography on Sepharcr\'l S-200. Eluted fractions were assayed for the ability to 
hydrolyze amylopectin. and to change the blue value of the glucan-iodine complex obtained 
after amylopectin digestion (Figtire 2a). A single peak of DBE acti\itv' was obtained, which 
eluted in the void volume prior to the 670.000 kD molecular weight marker . The fractions 
were subjected to immunoblot analysis with anti-SUl (Figure 2b). Fractions that contained 
DBE activitv- also contained an anti-SU 1-reactive protein, and no immunoblot signal was 
detected in any fraction lacking this enz\Tne activity'. 
Proteins in the pooled Sephacryl fractions containing DBE activity were subjected to 
another anion exchange chromatography separation, using the matrix Mono Q (Figure 3). 
Again, the DBE activity' cofractionated precisely with a protein bound by anti-SU 1 antibodies 
in immunoblot analysis. SDS-PAGE and Coomassie blue staining of the DBE-containing 
fractions revealed several bands, among which the most prevalent was a 81 kD protein that 
migrated at the same rate as the anti-SUl-reactive polypeptide (data not shown). The results 
of purification A are summarized in Table I. The DBE activity was 32-fold purified with a 
specific activity of 2.89 units. 
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Figure 2. Purification of SUl by gel filtration chromatography. Upper panel is the elution 
profile of SUl activity. Lower panel represents the immunoblot analysis of the 
fractions with anti-SUl. 
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Figure 3. Purification of the pooled SUl fractions by Mono Q column chromatography. 
Upper panel is the elution profile of activity of SU1. Lower panel shows the 
results of immunoblot analysis of the fractions with anti-SUl. 
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Table 1. Purification of SU1 
Steps Total 
Protein 
(mg) 
Total Activity 
(|xmo[ min"') 
Specific 
•Activity (jimol 
min"' mg"') 
Purification 
(Fold) 
Recovery 
(%) ' 
Crude Extract 328 29.52 0.09 ND^ ND" 
Ammonium 
Sulfate 
146 12.41 0.085 1 lOO 
Q Sepharose 8 6.16 0.77 9.10 50 
Gel filtration 2.80 3.78 1.35 15.90 30 
Mono 0 .36 1 2.89 34 8 
Not determined 
In purification B the pooled Q Sepharose fractions were applied to a soluble starch 
affinity matrix and bound proteins were eluted with free maltotriose. Only a single protein 
was evident when the eluted fractions containing DBE activity were analyzed by SDS-PAGE 
and silver staining (Figure 4). This protein reacted with anti-SUl in immunoblot analysis. 
N terminal sequencing of the purified DBE 
Proteins from the most pure isoamylase fraction in purification A, eluted from the 
Mono Q column, were separated by SDS-PAGE and blotted to PVDF membranes. The band 
that corresponds in size to the anti-SU 1 -reactive protein was excised from the membrane and 
subjected to N terminal peptide sequencing. The N terminal sequence of this protein was 
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Silver-stained 
gel 
Immunoblot with 
anti-SUI 
Figure 4. Affinity purification of SU 1. 
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found to be VAEAVOAEED. The underlined residues indicate the most abundant amino 
acid detected in each sequencing cycle. The sequence of the underlined residues corresponds 
precisely to the region of SU1 isoamylase spanning positions 50 -59. The other residues in 
this region of the peptide were detected as minor components in the sequencing data. These 
results provide a direct demonstration that the purified isoamyiase-type DBE is SU 1 
isoamylase. Furthermore, mature SUl isoamylase is formed by proteolytic cleavage between 
residues 49 and 50. presumably during transport into the amyloplast where this DBE is 
known to be located (Yu et al.. 1998). The molecular mass of mature SUl isoamylase 
calculated from the deduced amino acid sequence and the known mature N terminus is 81 
kD. which matches closely with that observed when this DBE was detected by immunoblot 
analysis in total endosperm extracts (Rahman et al. 1998a). 
Binding of SU 1 polypeptides to each otlier 
SU I is predicted to be a multimeric enzyme, because the molecular mass of the 
enzyme is greater than 670.000 Da. whereas that of the monomer polypeptide is 81 kD. 
Furthermore, the purified enzyme contains only a single polypeptide, indicative of a 
homomultimeric quatemar\' structure. These considerations suggest that SUl polypeptides 
are able to bind directly to each other and form a stable complex. This prediction was tested 
using the yeast two-hybrid system. 
The portion of SU 1 from residue 69 of the primary translation product to C terminal 
residue 789 was fused to the C terminus of either the transcriptional activation domain or 
DNA binding domain of the yeast transcription factor GAL4 (Figure 4). These fusion 
proteins, therefore, contains all of the mature SUl amino acid sequence except for the N 
no 
terminal 19 residues. Introduction of the two different hybrid proteins into the same yeast 
cells activated transcription of the resident GAL4-dependent reporter genes (Figure 5). Either 
the binding domain plasmid or the activation domain plasmid by themselves failed to induce 
transcription of the reporters. These data indicate that separate SU1 polypeptides are capable 
of binding to each other and forming a stable mutlisubimit complex. 
Figure 5. Two-hybrid analysis of SU1:SU1 physical interaction. Cotransformation of yeast 
strain PJ69-4A with plasmid constructs in which SUl was fused to the Gal4 
binding domain and the Gal4 activation domain, respectively, resulted in growth 
on selective Ade, -Met media (A). In control transformations, either plasmid by 
itself failed to activate the reporters (B and C). 
I l l  
Discussion 
This study attempts to bridge the gap between the findings of Pan and Nelson (1984) 
and James et al. (1995). A debranching enzyme activity has been purified from developing 
maize endosperm. This activity can increase the iodine-staining power and the reducing 
value of amylopectin but it has no activity toward pullulan. which are the characteristics of an 
isoamylase-type debranching enzyme. Inununoblot analysis of the fractions with anti-SUl 
shows that the isoamylase activity co-fractionated with SUl in four sequential column 
chromatography steps (Figures 2. 3.4) suggesting that the two proteins (isoamylase and SUl) 
are the same. Another piece of evidence in favor of this argument (i.e.. the proteins are 
identical) came from the sequence of the N-terminus of the purified isoamylase. This 
sequence matches exactly with the deduced amino acid sequence of SUl. Thus, the transit 
peptide of SUl is 49 amino acid long. The predicted size of mature SUl (81 kD) matches the 
size of the isoamylase predicted from SDS-PAGE (~ 79 kD) (Rahman et al.. 1998a). These 
results confirm that sugary 1 is the structural gene for the isoamylase. The consensus 
sequence for chloroplast transit peptide cleavage site is loosely defined as: (Val/Ile) - X -
(Ala/Cys) i Ala (Gavel and Heijne. 1990). However, no consensus sequence is known for 
transit peptides that serve to route the proteins into the amyloplast. The 49 amino-acid transit 
peptide of SU 1 has no sequence similarity to any other known protein. However, mature 
SUl begins with a highly acidic region of D and E residues. It contains the sequence VAE 
which is also found in several mature endosperm proteins from different plant species (Table 
2). The relevance of these features is not yet clearly known. 
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Two-hybrid analysis suggests that SUl is a homo-oligomeric protein. Additional 
evidence supporting this proposition comes from the native molecular mass of SU1. 
determined by gel filtration column chromatography. SUl elutes in the void volume of the 
column which suggest that SU 1 has a very high relative molecular mass in contrast to the 
subunit size of 81 kD. The isoamylase purified from potato has also been reported to have a 
high molecular mass (520 kD){Ishizaki et al.. 1983). The significance of this high mass for 
isoamyiases is not known apart from that they may have multiple active sites which can act 
on multiple glucan chains during starch biosynthesis. However, steric hindrance imposed by 
its large size may also limit activity of such an enzyme within the starch granule. Further 
characterization of the enzyme is needed to understand the in vivo role of this protein. 
Table 2. N-terminal sequence comparison of SUl with other endosperm proteins 
Protein N-terminal Sequence Reference 
SUl isoamylase VAEAVOAEED This studv 
Maize SSI CVAELSRE (Knight et al.. 1998) 
Rice SS CVAELSRD (Babaetal.. 1993) 
A starch granule-associated GPYVAELSPE (Rahman et al.. 1995) 
protein from wheat 
endosperm 
A starch granule-associated 
protein from sorghum 
endosperm 
CVAELAXEXP (Keeling and Dunlap. 
unpublished) 
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CHAPTER 5. SUMMARY AND CONCLUSIONS 
In this investigation, the identity of the sugary I gene product. SU1 of maize was 
determined by: 
1. Expressing the Sul cDNA in E. coli and characterizing the recombinant protein. 
SUlr. 
2. Purifying SU 1 from maize endosperm to apparent homogeneity. 
Biochemical characterization of SUlr confirmed its identity as an isoamylase-t>pe 
debranching enzyme that acts readily on amylopectin and glycogen but has no activity on 
pullulan. The pH and temperature optima for SUlr activity were shown to be 6.0 and 30° C. 
respectively. Incubation of SU 1 r with amylopectin produced a chain-length profile that is 
similar to that produced by isoamylase from Pseudomonas amyloderamosa. An isoamylase-
type activity was purified to near homogeneity from maize endosperm tissue. This activity' 
cofractionated with SUl. Furthermore, the N-terminal sequence of the isoamylase matched 
perfectly with the deduced amino acid sequence of SUl. The transit peptide of SUl was 
found to be 49 amino acid long. Therefore, the predicted size of mature SUl is 
approximately 81 IcD. The native SUl was characterized as a homomultimeric protein. 
These data demonstrate unequivocally that Sul codes for an isoamylase-type debranching 
enzyme (DBE) present in developing maize endosperm. Using the SUl-specific antiserum 
described in Chapter 2. Zhu et al.. (1998) showed that SUl is located within the amyloplast. 
These facts are all consistent with the proposal that DDEs play a direct role in starch 
biosynthesis. 
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The discrepancy between the findings of Pan and Nelson (1984) and James et al. 
(1995) regarding the identity of the sugary I gene product was resolved in this study. 
Immunoblot analysis of nonmutant and suI-Ref endosperm extracts with anti-SUl and anti-
rice pullulanase antibodies revealed that both SUl and a protein identified by the rice 
antibody are reduced in mutant kernels. To gain a better understanding of the pleiotropic 
effect of the mutation in the sugary 1 gene, a maize cDNA coding for a pullulanase-type 
DBE. zpul was cloned using the rice pullulanase cDNA as a heterologous probe. The 
deduced amino acid sequence of ZPUl is highly similar to a bacterial pullulanase. Anti-
ZPU1 polyclonal antibody were made in rabbits. A pullulanase-type DBE activity was 
purified from maize endosperm tissues. This activity cofiactionated with ZPU1 which 
confirms ±at the two proteins are the same. Immunoblot analysis revealed that ZPUl is the 
enzyme reduced in the protein fractions firom the suI-Refmutanxs. Thus, the primary-
mutation in the sugary I gene of maize affects the expression of two different tvpes of 
debranching enzymes, an isoamylase coded for by the gene and. in addition, a pullulanase 
coded elsewhere. The abundance and size of the pullulanase transcript was the same in both 
wild-type and sugary I kernels suggesting a post-transcriptional mechanism for the 
coordinated regulation of pullulanase- and isoamylase- type DBEs. Both SU1 and ZPU 1 are 
soluble proteins (not granule bound), present in the maize endosperm during the starch 
biosynthetic period which suggests that they are involved in the final structure determination 
of amylopectin. 
Further characterization of these debranching enzymes will provide insight into the 
starch biosynthetic process. Crystallographic studies of these proteins may provide 
information about the structure and function relationship of DBEs. These DBEs can also be 
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useful in the industrial processing of starch. Suppression and overexpression of genes in 
plants coding for DBEs by molecular biology techniques possibly will enable the plants to 
produce starch with altered structure, which will be useful for industrial production of 
specific products. 
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